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La subérine, un polymère complexe des plantes constitué d’un domaine aromatique et 
d’un domaine aliphatique, est le composant majeur du périderme de pomme de terre. Le 
processus biologique de sa dégradation reste encore peu connu. Si au niveau des champignons 
quelques protéines de dégradation de la subérine sont connues, aucune protéine bactérienne 
impliquée dans la biodégradation de ce polymère n’est encore purifiée. 
 
L’objectif général de cette maîtrise vise à déterminer si les bactéries jouent un rôle 
dans la dégradation de la subérine. Pour ce faire, nous avons fait dans un premier temps une 
étude du secrétome d’une communauté bactérienne du sol cultivée pendant 60 jours dans un 
milieu contenant de la subérine comme source de carbone. À partir du sécrétome de la 
communauté bactérienne du sol, un total de 244 protéines extracellulaires différentes ont été 
identifiées et classées en 10 groupes fonctionnels. Ces protéines sont pour la plupart associées 
au genre Pseudomonas dont la population diminue au cours de la culture au profit de 
nouveaux genres bactériens, la majeure partie de ces bactéries sont auxotrophes comme celles 
du genre Oscillatoria. Ceci confirme donc que la subérine est un substrat récalcitrant à la 
biodégradation. Cependant, parmi les 244 protéines figurent quelques enzymes liées au 
métabolisme des lipides dont I4WGM2 associée R. thiooxydans. 
 
Dans une seconde partie, nous avons effectué une étude protéomique de R. thiooxidans 
cultivée en présence de subérine. Cette étude a permis de montrer que R. thiooxidans pourrait 
être impliquée dans la dégradation de la subérine. En effet, trois lipases dont I4WGM2 ont été 
identifiées dans le sécrétome. Par ailleurs, d’autres enzymes impliquées dans le processus de 
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dégradations des lipides sont détectées (protéines transporteurs d’acides gras, des enzymes de 
-oxydation). 
 
Ce projet suggère qu’en plus des champignons, certaines espèces bactériennes, dont 
l’espèce R. thiooxidans participent à la biodégradation de la subérine. Des travaux 
supplémentaires (études d’expressions de gènes, purification de protéines) sont nécessaires 
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I.1.1. Tissus de protection 
 
Chez les plantes, on distingue plusieurs tissus de protection. Parmi ces tissus, on 
distingue l’épiderme et le périderme. Ces tissus constituent une interface entre la plante et 
l’environnement. Ils assurent la protection contre les agents pathogènes et les radiations, 
limitent la perte d’eau et de nutriments (Franke et al. 2005). L’épiderme est un tissu primaire 
constitué d’une assise de cellules vivantes jointives. Ce tissu est constitué d’une seule couche 
de cellules dont la une paroi externe imperméable est recouverte de cire. Le périderme se met 
en place lors du développement des tissus secondaires. Le périderme constitue un tissu de 
revêtement et joue un rôle capital dans la protection contre les agents pathogènes et les pertes 
d’eau (Franke et al. 2005). Le périderme se retrouve au niveau des tiges aériennes et 




Figure 1 : Représentation d’une coupe longitudinale du périderme de tubercule de pommes de 
terre montrant sa structure et une lenticelle (adaptée de Tyner  et al. 1997.). 
 
Le périderme est composé du phéllème, le phellogène et le phelloderme. Le phellogène 
est une zone génératrice à l’origine du phellème ou suber vers l’extérieur et du phelloderme 
vers l’intérieur. La Figure 1 illustre la localisation du périderme au niveau du tubercule de 
pomme de terre). Le suber est constitué de plusieurs couches de cellules fortement imprégnées 
de subérine. Ce composé de nature lipidique imperméabilise les cellules ; son accumulation 
entrainera la mort des cellules constituant le suber (Lulia et Freeman, 2001). Le suber 
constitue le liège chez les plantes ligneuses. Des orifices circulaires appelés lenticelles se 
trouvent à la surface du périderme (Fig. 1). Ces orifices favorisent les échanges gazeux et 
constituent aussi des points d’attaque des agents pathogènes (Tyner et al. 1997 
 
Dans ce travail, on s’intéresse particulièrement à la subérine de tubercules de pomme 
de terre. La subérine fait partie des polymères naturels les plus abondants après la cellulose. 
Ce polymère est le constituant principal des lièges des plantes (Kontkanen et al. 2009). 
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L’utilisation de la coloration de Soudan a permis de montrer la présence de la subérine au 
niveau d’une grande variété de plantes dans les tissus externes et internes au cours du 
développement du plant. La subérisation s’observe donc aussi bien dans les parties aériennes 
que dans les parties souterraines. Ainsi, au niveau des racines primaires la subérine est 
détectée dans les cellules endodermiques et hypodermiques (Schreiber et al. 1999). Au niveau 
des feuilles et tubercules, la subérisation a lieu respectivement dans les faisceaux vasculaires 
et dans les tissus du périderme (Espelie et al. 1980 ; Franke et al. 2012). 
 
La subérine est le constituant majeur du périderme des tubercules de pommes de terre 
couramment appelé pelure ou peau. Le processus de subérisation enrichit le périderme de la 
pomme de terre en subérine et permet de limiter les pertes dues à l’évaporation et les attaques 
d’agents pathogènes. La subérisation est optimale aux températures voisines de 10 °C (environ 
90% d’humidité relative). Ceci explique le fait qu’après la récolte, les tubercules sont 
conditionnés à des températures envoisinant 10 °C pendant deux semaines avant l’entreposage 
(3°C) (Morris et al. 1989). 
 
La subérine n’est pas qu’un élément structurel, sa synthèse peut être induite par des 
facteurs extérieurs. Par exemple, au niveau du périderme des tubercules de pommes de terre, 
une subérisation se produit à un site de blessure ou d’attaque d’agents pathogènes. La 
subérisation est un processus au cours duquel la cicatrisation des blessures a lieu. 
La Figure 2 présente un processus de subérisation induit par l’agent phytopathogène S. scabies 





Figure 2 : Subérisation de tubercules après une attaque d’agents pathogènes 
(Modifiée de Phillipp Warthon, 2006). 
 
S. scabies pénètre le tubercule principalement au niveau des lenticelles et au fur et à 
mesure que l’agent pathogène pénètre dans les tissus sous-jacents aux lenticelles, une couche 
du périderme se forme. Si l’agent pathogène réussit à poursuivre sa progression, une nouvelle 
couche de périderme se formera. C’est cette succession de formation de tissus subérisés qui 
entraine des lésions caractéristiques de la maladie (Fig. 2) 
 
I.1.2. Constituants chimiques de la subérine 
 
La subérine est un polymère complexe, la dépolymérisation chimique de la substance 
par les réactions d’oxydation au nitrobenzène en milieu alcalin a permis de libérer des 
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composés dont l’analyse par chromatographie en phase gazeuse, et spectrométrie de masse ont 
mené à la proposition de modèles structurels (Cottle et Kolattukudy, 1982). Les modèles de la 
structure chimique de la subérine proposent que cette dernière soit composée de deux 
domaines : un domaine poly(aliphatique) et un domaine poly(phénolique) (Bernards, 2002) 
(Fig. 3). 
 
Le domaine poly(phénolique) ressemble à la lignine et est composé principalement de 
monolignols (alcools phénoliques), d’aldéhydes phénoliques (tels le p-hydroxybenzaldéhyde 
et la vanilline) et d’acides aromatiques (principalement les acides caféique, sinapique, 
férulique et coumarique, ces deux derniers acides pouvant former des liaisons covalentes avec 
la tyramine). Ce domaine est englobé dans la paroi cellulaire primaire (Bernards, 2002).  
 
Le domaine poly(aliphatique), localisé entre la paroi cellulaire primaire et la 
plasmalemme, ressemble à la cutine et est composé des α ωdiacides, des ω hydroxyacides, des 
alcools gras (alcool p-coumarique, alcool coniférylique, alcool sinapylique) et de plusieurs 
acides gras à longues chaines (C16 à C30) (Bernards, 2002) (Fig. 4). Les différents 
monomères du domaine sont reliés entre eux par des liaisons esters. Il existe des régions des 
chaines aliphatiques qui peuvent être oxydées en carboxylates pouvant entrainer des 
réticulations avec d'autres molécules de subérine. La coloration histochimique couplée à la 
microscopie électronique de la subérine ont montré une structure multilamellaire du domaine 





Figure 3 : Modèle de structure chimique de la subérine (adaptée de Bernards, 2002). 
 
Le modèle structurel de Bernards (2002) (Fig. 3) propose que le domaine 
poly(phénolique) est lié de façon covalente par des liens esters glycérol au domaine 
poly(aliphatique). Les liaisons esters glycérols présentes dans la structure de la subérine 
confèreraient la structure tridimensionnelle à la molécule. Une étude plus récente propose que 
des liaisons feruloyl esters seraient également impliquées dans la jonction du domaine 
aliphatique et aromatique. Les travaux du groupe de Graça indiquent que les acides gras de la 
portion aliphatique sont estérifiés autant à du glycérol qu’à des acides féruliques. Ce dernier 
résultat a été obtenu suite à des réactions de dépolymérisation partielle de la subérine par 
méthanolyse. Les structures chimiques identifiées par l’électropulvérisation et l’ionisation 




Serra et al. (2010) ont aussi suggéré que la partie aliphatique de la subérine est 
constituée de plusieurs polyesters d’acides gras formant des liens esters avec des acides 
féruliques qui sont supposés jouer un rôle important dans la réticulation entre les deux 
domaines de la subérine. Chez des pommes de terre le gène FHT code pour l’enzyme FHT (ω-
hydroxyacid/fatty alcohol hydroxycinnamoyl transferase) impliqué dans le transfert du 
groupement acyle du féruloyl-CoA vers ω-hydroxy-acide, et des alcools primaires. L’équipe 
de Serra (2010) a déduit qu’une inhibition de ce gène entraine la non-maturation du périderme 
des tubercules.  
 
 







Figure 5 : Glycerol esters et feruloyl esters identifiés dans la subérine et obtenus suite à une 
dépolymérisation partielle de la subérine (Graça et al. 2007). 
 
I.1.3. Biosynthèse de la subérine 
 
Certaines étapes de la voie de biosynthèse de la subérine ont été établies à partir de 
celles de la lignine et de la cutine qui ont des structures semblables aux domaines aromatique 
et aliphatique de la subérine respectivement.  
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I.1.3.1. Biosynthèse du domaine aliphatique de la subérine 
 
Le processus de biosynthèse de la partie aliphatique de la subérine et de la cutine se 
déroule à trois endroits de la cellule : les plastes, le réticulum endoplasmique et au niveau de la 
paroi cellulaire. La Figure 6 schématise la biosynthèse de la partie aliphatique. On peut y voir 
que la biosynthèse des acides gras précurseurs à savoir l’acide palmitique C16 et l’acide 
oléique C18 se déroule au niveau des plastes. Ces acides gras subissent une série de réactions 
conduisant à la formation des oligomères et des acylglycérols. L’activation des groupements 
acyl, l'oxydation et l’estérification en glycérol sont communes aux voies de biosynthèse de la 
portion aliphatique de la subérine et de la cutine et elles se déroulent au niveau du réticulum 
endoplasmique. L’élongation des chaînes, les réactions acyles réductase et la féruloylation 
sont spécifiques à la subérisation et se font également au niveau du réticulum endoplasmique. 
Les précurseurs de polyesters, des acylglycérols et des oligomères peuvent être transportés à 
travers la membrane plasmique puis au niveau de la paroi cellulaire où ils peuvent être 
polymérisés (Beisson et al. 2012). Les étapes de polymérisation restent encore aujourd’hui en 





Figure 6 : Vue d'ensemble des emplacements subcellulaires et des grandes étapes de 





Figure 7 : Biosynthèse de monomères acyles de la famille C16 et C18 (Beisson et al. 2012).  
 
La Figure 7 montre de façon plus détaillée les réactions chimiques menant aux 
principaux monomères des familles à C16 et C18. La biosynthèse du domaine aliphatique 
débute avec les acides palmique et oléique qui doivent être activés en formant une liaison 
thioester avec le coenzyme CoA. L’enzyme responsable de l’activation est appelée LACS 
(long-chain acyl-coA synthetase). Les acides gras activés subiront alors une série de réactions. 
Certains membres de la famille C16 et C18 subissent alors des élongations par le complexe 
enzymatique FAE (fatty acid elongation) pour donner des acides gras avec une chaine d’un 
nombre pair de carbones (C20 à C30). L’enzyme glycerol 3-phosphate acyltransferase GPAT 
oxyde et estérifie alors les monomères au Glycérol3-P pour donner les acyl glycérol qui sont 
les éléments précurseurs de la portion aliphatique (Fig. 7). Ces éléments sont ensuite 
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transportés jusqu’au site de polymérisation final par un mécanisme qui reste encore très peu 
connu. Cependant, les résultats des travaux de Beisson et al. (2012) suggèrent l’implication du 
transporteur ABC utilisant l’énergie d’hydrolyse d’ATP et des LTPs pour Lipid Transfert 
Protein. En effet, la mutation du gène COMPLEX 11 (WBC11) codant pour le transporteur 
ABC entraine une réduction de la chaîne de cutine et de la subérine. De ce fait, le transporteur 
ABC pourrait être impliqué dans le transport des précurseurs (Beisson et al. 2012). Une 
polyester synthase assure la polymérisation finale. Cependant, la localisation exacte de cette 
polymérisation demeure une énigme (Beisson et al. 2012). 
 
I.1.3.2. Biosynthèse du domaine aromatique de la subérine 
 
La synthèse des composés phénoliques de la subérine via la voie des phényl 
propanoides dans le cytoplasme commence par la formation du phénylpropane catalysée par la 
phenylalanine ammonia-lyase (PAL). Le premier composé phénylpropane est l’acide t-
cinnamique. L’acide t-cinnamique subit une série de réactions d’hydroxylation, de méthylation 
et de réduction conduisant aux phénylpropanoïdes simples (acides p-coumarique, caféique, 
férulique et sinapique). Ces composés phénoliques transportés vers les parois membranaires 
(par un mécanisme encore inconnu) peuvent agir comme des stimulateurs d'une NAD(P)H 
oxydase dépendante de la membrane plasmique (Bernards et al. 2000). Lorsque suffisamment 
de composés phénoliques sont présents, cette oxydase est activée et elle génère du superoxyde 
(O2
-
) exoplasmique. En effet, au niveau de la surface membranaire le NAD(P)H catalyse la 
dismutation en alternance de H2O2 en présence de H
+
 en superoxyde. Le H2O2 formé peut 
ensuite être utilisé lors d’une peroxydation des composés phénoliques au niveau de la paroi 
cellulaire (Fig. 8). Les produits phénoliques ainsi oxydés pourront alors se polymériser. 
 
Dans le cas de la biosynthèse du domaine phénolique, une durée du processus a été 
enregistrée suite à une blessure des tubercules de pommes de terre. Pendant la subérisation, la 
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quantification du p-hydroxybenzaldéhyde et la vanilline générés par oxydation alcaline de 
nitrobenzène a permis d’observer un dépôt de matrice phénolique au bout de 3 jours  
(Kolattukudy, 1981).  
 
 
Figure 8 : Modèle d’assemblage des macromolécules du domaine aromatique de la subérine 







I.1.3.3. Assemblage de la portion aliphatique et aromatique 
 
Le domaine aromatique est relié au domaine aliphatique par des liaisons esters au 
glycérol (Bernards, 2002). En outre, des liaisons féruloyl esters seraient aussi impliquées dans 
la liaison des domaines de la subérine (Martins et al. 2014). En effet, la présence de l’enzyme 
BAHD de la famille des acétyltransférases comme la feruloyltransferase a été mise en 
évidence au niveau du domaine aliphatique de la subérine. Cet enzyme catalyse le transfert du 
feruloyl-CoA vers des alcools gras ou des acides gras ωhydroxylés. L’inhibition de cet 
enzyme entraine une baisse considérable des liaisons de type ester-férulate. Ceci vient appuyer 
l’hypothèse (Martins et al. 2014) qui stipule que des liaisons féruloyl esters seraient aussi 




I.2. Dégradation de la subérine 
 
Si les grandes étapes de la biosynthèse de la subérine sont connues, sa biodégradation 
demeure en grande partie méconnue. La subérine est un composé récalcitrant à la dégradation 
microbienne (Garcia-Lepe et al. 1997). Ceci explique en partie le fait qu’on utilise le liège 
pour boucher les bouteilles de vin. 
 
I.2.1. Dégradation de la subérine par les champignons 
 
I.2.1.1. Dégradation physique 
 
Plusieurs études visant à déterminer les enzymes impliquées dans la dégradation de la 
subérine ont été menées à partir des champignons. Une dégradation physique de la subérine a 
été montrée à partir de culture de champignons pathogènes (Hynes, 2006),  ou saprophytes 
(Martins et al. 2014) dans un milieu supplémenté de subérine. Il s’agit des champignons du 
genre Aspergillus (Garcia-Lepe et al. 1997), Fusarium (Fernando et al. 1984), Armillaria 
(Zimmerman et Seemüller, 1984), Rosellinia (Ofong et Pearce, 1994), Rigidoporus, Phellinus 






Figure 9 : Photos de la subérine après traitement à la cutinase CcCUT1 obtenues par 
microscopie à fluorescence. Photo A (subérine témoin), photo B (subérine traitée avec 
CcCUT1) (H. Kontkanen et al. 2009). 
 
La Figure 9 illustre la dégradation physique de la subérine. La cutinase CcCuT1 est à 
l’origine de cette dégradation et pourrait entrainer la libération de certains monomères de 
petite taille de la subérine. 
 
I.2.1.2. Libération des monomères  
 
Une étude réalisée par Ofong et Pearce (1994) a montré une dégradation de la subérine 
en analysant les monomères par chromatographie en phase gazeuse. Les monomères sont issus 
de cinq mois de culture du champignon Rosellinia desmazieresii en présence de la subérine. 
En effet, la longueur de ces monomères issus de 5 mois de culture était différente de celles des 
monomères de la subérine en absence du champignon. Ce résultat vient donc confirmer la 
dégradation physique observée à la Figure 9. Après 44 jours de culture de Fusarium solani f. 




Seemüller (1984) ont pu identifier des monomères de C16 à C24 issus de la dégradation de la 
subérine. 
 
I.2.1.3. Les enzymes de dégradation 
 
Cette dégradation de la subérine pourrait s’expliquer par la capacité du champignon à 
synthétiser des estérases dont la présence dans le milieu de culture a été suggérée par la 
mesure de l’activité estérasique. R. desmazieresii  est responsable du pourridié laineux de plus 
de 197 hôtes différents, dont le saule rampant (Salix repens). Le fait de produire de 
subérinases pourrait contribuer à augmenter la compétitivité du champignon R. desmazieresii 
face aux autres microorganismes et donc augmenter son pouvoir de pathogène. Une étude 
récente a montré la capacité du champignon Aspergillus nidulans à croître dans un milieu de 
culture ayant comme seule source de carbone la subérine (Martins et al. 2014). À partir du 
sécrétome d’A. nidulans cultivé en présence de subérine pendant quelques jours plusieurs 
enzymes ont été identifiées dont des feruloyl esterases et des beta-oxidases. Les feruloyl 
esterases pourraient intervenir dans la libération de composés aromatiques. Il n’y a pas de 
preuve directe de l’activité des feruloyl estérases. Cependant, l’augmentation de l’expression 
de certains gènes codant pour la dégradation de composés aromatiques tels que le gène dhbD 
codant pour la 2,3-dihydroxybenzoate carboxylyase est un indice.  
 
En 2006, Alisch-Mark et al. ont montré la capacité du Fusarium solani à produire des 
hydrolases après avoir prouvé l’augmentation de l’hydrophobicité de certaines fibres de 
polyesters incubés avec du surnageant de culture de F. solani. Il faut aussi noter que la 
première cutinase a été purifiée du même champignon F. solani (Kolattukudy, 1975). Suite à 
une culture du champignon Aspergillus nudulans dans un milieu supplémenté de subérine, la 
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cutinase (Cut1) a été identifiée (Martins et al. 2014). Par ailleurs, une cutinase de Coprinus 
cinerea, nommée CcCUTl a été purifiée (Kontkanen et al. 2009). 
 
La capacité de R. desmazieresii à produire des estérases et d'autres enzymes de 
dégradation des tissus de protection chez le saule rampant a été prouvée suite à une 
identification des monomères (C16 à C24) de subérine après une incubation de cinq mois de 
ce champignon en présence de subérine (Ofong et Pearce, 1994). Pour montrer que ce ne sont 
pas des acides gras fongiques, les pics obtenus ont été comparés avec des pics d’échantillons 
de références. 
 
I.2.2. Dégradation de la subérine par les bactéries 
 
Si au niveau des champignons quelques enzymes impliquées dans la dégradation de la 
subérine ont été caractérisées, chez les bactéries, aucune protéine de dégradation de la 
subérine n’a encore été purifiée. Cependant, des études réalisées dans le laboratoire de C. 
Beaulieu suggèrent que S. scabies, l’agent causal de la pomme de terre pourrait être impliqué 
dans la dégradation de la subérine. La souche S. scabies EF-35 montre une activité estérasique 
élevée lorsqu’elle croît en présence de la subérine (Fig. 11) (Komeil et al. 2013). De plus 
l’analyse du génome de la bactérie révèle la présence d’un gène nommé sub1 montrant un 
niveau de similarité significatif avec le gène codant pour la  cutinase CcCUT1 de Coprinopsis 
cinerea VTT D-041011, une protéine pour laquelle une activité subérinase a été démontrée 
(Kontkanen et al. 2009 ; Komeil et al. 2013). L’expression de ce gène sub1 est spécifique à la 
subérine et à la cutine (Komeil et al. 2013). Cette spécificité a été démontrée suite à une étude 
d’expression du gène sub1 de S. scabies EF-35 cultivée dans diverses sources de carbone 
(subérine, cutine, amidon) (Fig. 10). Par ailleurs, l’analyse du sécrétome de S. scabies  en 
présence de subérine comme source de carbone a permis d’identifier un certain nombre de 
protéines qui pourraient être impliquées dans la dégradation de la portion aliphatique. Il s’agit 
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de deux estérases (C9ZG71 et C9Z6Y6) et d’une estérase-lipase (C9YTK3). En outre, deux 
feruloyl estérases (C9ZE96 et C9YVP7) qui pourraient être impliquées dans la disjonction des 
domaines aliphatique et aromatique ont été également identifiées (Komeil et al. 2014).  
 
 
Figure 10 : Activité estérasique du surnageant des cultures de S. scabies EF-35 dans le milieu 
minimum supplémenté avec la subérine 0.5% (m/v) ou la subérine 0.5% (m/v) et l’amidon 
0.5% (m/v) ou avec de l’amidon 0.5% (m/v) (Komeil et al. 2013). 
 
I.3. Objectifs du projet de maîtrise 
 
Des travaux récents soulèvent l’hypothèse que des bactéries pourraient être impliquées 
dans le processus de dégradation de la subérine. Pour vérifier cette hypothèse, une 
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communauté bactérienne d’un sol d’un champ de pommes de terre a été cultivée en présence 
de subérine et le sécrétome de la culture sera analysé pour identifier les genres bactériens qui 
croissent et la fonction des protéines qui se développent. Cette première partie du travail a 
permis l’identification de deux protéines de type lipase-estérase potentiellement impliquées 
dans la rupture des liens esters qui relient les monomères de la portion aliphatique de la 
subérine. Une de ces estérases était associée à l’espèce R. thiooxydans. 
 
Par conséquent, dans la seconde partie de notre travail la capacité de R.thiooxydans à 
croître en présence de subérine a été vérifiée et une étude protéomique d’une culture de R. 
thiooxidans ayant cru en présence de subérine a été réalisée. Ce travail avait comme objectif 








ANALYSE DU SECRETOME D'UNE COMMUNAUTE BACTERIENNE DE SOL ET 
DE RHODANOBACTER THIOOXYDANS CULTIVEES EN PRESENCE DE LA 




La subérine, un polymère lipidique et complexe des plantes est retrouvé dans divers tissus 
dont le périderme de la pomme de terre. Le processus biologique de sa dégradation reste 
encore peu connu et est attribué aux champignons. Des échantillons de sol provenant d'un 
champ de pommes de terre ont été inoculés dans un milieu de culture contenant de la 
subérine comme source de carbone. Une approche métaprotéomique a été utilisée pour 
identifier les populations bactériennes qui se développent en présence de la subérine sur 
une période d'incubation de 60 jours. Le nombre de spectres normalisé (NSpC) des 
protéines extracellulaires produites par la communauté bactérienne du sol ont 
considérablement diminué du jour 5 au jour 20, puis ont augmenté lentement, révélant 
une succession de bactéries, où la population des bactéries du genre Pseudomonas à 
croissance rapide a diminué et a été remplacée par d’autres espèces bactériennes qui 
pouvaient se développer en présence de la subérine. La récalcitrance de la subérine a été 
démontrée par l'émergence de bactéries auxotrophes telles qu’Oscillatoria dans les 
derniers jours de la culture bactérienne. Néanmoins, l'identification de deux lipases dans 
le surnageant de la culture suggère qu'au moins certaines espèces bactériennes peuvent 
dégrader la subérine. Une des lipases (I4WGM2) a été associée à Rhodanobacter  
thiooxydans. Lorsque cultivée dans un milieu contenant de la subérine, la souche de R. 
thiooxidans LCS
2
 a produit trois lipases, dont I4WGM2. R. thiooxidans LCS
2
 a 
également produit d'autres protéines liées au métabolisme des lipides, des transporteurs 
de chaines d’acide gras et les enzymes de la -oxydation. Ceci suggère que R. 
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Suberin is a complex lipidic plant polymer found in various tissues including 
potato periderm. The biological degradation process of suberin is poorly characterized 
and is attributed to fungi. Soil samples from a potato field were used to inoculate a 
culture medium containing suberin as carbon source and a metaproteomics approach was 
used to identify bacterial populations that develop in the presence of suberin, over a 60-
day incubation period. The normalized spectral counts of predicted extracellular proteins 
produced by the soil bacterial community drastically decreased from day 5 to day 20 and 
then slowly increased, revealing a succession of bacteria. The population of fast-growing 
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pseudomonads declined and was replaced by species that could develop in the presence 
of suberin. The recalcitrance of suberin was demonstrated by the emergence of 
auxotrophic bacteria such as Oscillatoria in the last days of the assay. Nevertheless, the 
identification of two putative lipases in the culture supernatants suggests that at least 
some bacterial species could degrade suberin. One of the lipases (I4WGM2) was 
associated with Rhodanobacter thiooxydans. When grown in a suberin-containing 
medium, R. thiooxydans strain LCS2 produced three lipases, including I4WGM2. This 
strain also produced other proteins linked to lipid metabolism, including fatty acid and 
lipid transporters and -oxidation enzymes, suggesting that R. thiooxydans could 
participate in suberin degradation. 




Suberin is a cell wall-associated biopolymer found in various tissues including 
tree and tuber periderms, root endodermis and epidermis. It acts as a lipophilic barrier to 
protect plant tissues against dehydration, wounding and pathogen attack (5). The 
extensive deposition of suberin in plant cell walls leads to cell death. Cork, for instance, 
is a multilayered dead tissue consisting mainly of suberin (42). Suberin is not only 
produced during plant development, its biosynthesis is also induced by biotic stress and 
wounding (38). 
 
Suberin is a complex polymer comprising both aromatic and aliphatic domains, 
which are covalently linked by glycerol ester bonds (5). The aromatic domain consists 
mainly of polyhydroxycinnamates (4) and the aliphatic domain is a fatty acid polyester 
that shares structural similarities with cutin (5). While the cutin monomers mostly belong 
to the C16 and C18 families, the aliphatic moiety of suberin is composed of fatty acids, 
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fatty alcohols and -hydroxyfatty acids with chains of up to 30 carbon atoms (11). In the 
last decades, research has shed light on the chemical structure of suberin and on its 
biosynthesis pathways, but little is known on the biodegradation process of suberin.  
 
Suberin is recalcitrant to microbial degradation (23), a property explaining the 
choice of cork as a preferred material for wine bottle stoppers. Its slow degradation also 
means that suberin biomarkers represent good tracers to study soil organic matter 
dynamics (12). Suberin decomposition is attributed to fungal communities. Some fungi, 
including plant pathogens such as Rosellinia desmazieresii (34), Rigidoporus lignosus 
and Phellinus noxius (32), have been shown to be able to penetrate suberized periderms. 
Furthermore, esterases exhibiting activity on suberin have been purified from cultures of 
various fungal genera including Aspergillus (10), Fusarium (8) and Coprinopsis (23). 
Several suberin-degrading esterases have been identified as cutinases and are active on 
both cutin and suberin (17). A whole genome transcriptome analysis of Aspergillus 
nidulans revealed the main pathways involved in suberin degradation: ester hydrolysis, 
-hydroxyfatty acid oxidation and peroxisomal -oxidation (30). Interestingly, suberin 
also appears to promote the onset of sexual reproduction and secondary metabolism in A. 
nidulans (30).  
 
Involvement of bacteria in suberin decomposition is not well documented. 
Nonetheless, bacteria exhibiting cutinase activity have been isolated, including members 
of the Bacillus (2), Pseudomonas (44) and Thermomonospora (9) genera. It is not 
excluded that bacterial cutinases may be active on suberin since cutinase production is 
induced by suberin in Thermomonospora (9). Evidence has also accumulated indicating 
that Streptomyces scabiei, the causal agent of potato common scab, can degrade potato 
suberin. The S. scabiei genome encodes potential cutinase-encoding genes and one of 
these, sub1, has been shown to be specifically induced in the presence of suberin (21). 
Interestingly, suberin promotes morphological differentiation and secondary metabolism 




In this study, the soil bacterial community of a potato field was grown in a 
medium containing suberin as carbon source. A proteomics analysis of the secretome was 
carried out to identify both enzymes and bacterial taxons that could be involved in 
suberin degradation. Since this initial proteomics analysis allowed the identification of a 
putative lipase from R. thiooxydans, a strain from this species was grown in the presence 
of suberin. The R. thiooxydans proteome included several proteins that are potentially 
linked to lipid metabolism and suberin degradation. 
 
2.3. Materials and methods 
 
2.3.1. Culture conditions 
 
SM, a medium containing suberin as the sole source of carbon was composed of 
potato suberin (0.1%) and of a mineral solution containing (NH4)2SO4 (0.5 g/L), K2HPO4 
(0.5 g/L), MgSO4-7H2O (0.2 g/L) and FeSO4-7H2O (0.01 g/L). Suberin used in this 
medium was extracted from potato peels (20). 
 
SM supplemented with nystatin (50 mg/L) and cycloheximide (50 mg/L) was 
used to grow the soil bacterial community from a potato field in Pont-Rouge (Quebec, 
Canada). Soil samples (2 g) were used to inoculate 100 mL of SM with antifungal 
compounds and incubated under shaking (120 rpm) at 30°C for 60 days. After 5-, 10-, 
20- and 30-day incubation, the culture was centrifuged at 3450 × g for 20 min and 67 mL 
of the supernatant were sampled and kept for proteomics analysis. The pellet was then 
resuspended in the remaining supernatant and 67 mL of fresh mineral solution were 
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added to the culture. Incubation was then resumed under the same conditions. 
Supernatants were also sampled after 60 days of incubation.  
 
Bacterial inoculum of R. thiooxydans strain LCS2 was prepared as follows. Strain 
LCS2 was grown with shaking (120 rpm) at 30°C for 5 days in R2A medium (25). The 
culture was then centrifuged at 3450 × g for 20 min at 25°C and washed twice with sterile 
distilled water. A sample of this suspension (2 mL) was used to inoculate 100 ml of SM. 
Bacteria were grown with shaking (120 rpm) for 30 days at 30°C. After 5, 10, 20 days of 
incubation, a fraction of the culture supernatant was replaced with fresh mineral solution 
as described above. The 5 day-old and 30 day-old supernatants from this culture were 
kept for further proteomics analysis. The experience was carried out in two replicates. 
 
A growth curve of R. thiooxydans strain LCS2 (25) was established by inoculating 
10
5
 cells in 5 ml of SM. The culture was incubated without agitation at 28°C for 30 days. 
The culture was sampled periodically and serial dilutions of the samples were spread on 
R2A-agar (25). Inoculated Petri dishes were placed at 28°C for 5 to 7 days before CFU 
counts. The experiment was carried out in four replicates. Control samples were also 
monitored in SM deprived of suberin. 
 
2.3.2. Proteomics analysis 
 
EDTA (0.3 mM, final concentration) was added to surpernatant samples to 
prevent protein degradation. Supernatant proteins were concentrated 35 times using 
Centricon (Amicon Ultra-15 Centrifugal Filters 3K). Proteins were subjected to sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis [10% (w/v) SDS-PAGE] as described 
by Komeil et al. (22). In-gel protein digestion and mass spectrometry were carried out at 
the Proteomics Platform of the Eastern Quebec Genomics Center (Quebec City, Canada) 
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using a quadrupole time-of-flight mass spectrometer (Qq-TOF) (AB Sciex) coupled to a 
HPLC as previously described (22). 
 
2.3.3. Secretome analysis. 
 
MS/MS spectra were analyzed for peptide identification using Mascot (Matrix 
Science, London, UK; version 4.0.5) to search the URB_3_Bacteria and the 
TAX_Rhodanobacter databases using the search criteria previously described (22). 
Peptides were grouped into proteins using Scaffold software program (version Scaffold 
4.0.5, Proteome Software, Portland, OR, USA) and protein identification was considered 
valid only if a 99% ID probability was reached and if at least two unique peptides in 
which the cut offs for peptide thresholds were 95% could be associated with the protein. 
 
The extracellular localization of the protein was determined using SignalP (37), 
Phobius (18), SecretomeP (3), TatP (3) and Tatfind (40) programs. Protein function was 
predicted using NCBI, Uniprot, Kegg and COG databases. As the number of spectra 
detected for a protein depends on its molecular weight (MW), the number of spectra 
(SpC) for a protein has been normalized by dividing this number by the MW of the 







2.3.4. Protein diversity 
 
The Simpson diversity index (1) was used to measure the protein function 
diversity (Df) and the taxonomic diversity (Dt), as follow: 
          ∑   
 
   
 
where pi is the proportion between NSpC associated with a functional group and total 
NSpC and the proportion between NSpC associated with a bacterial genus and NSpC for 




2.4.1. Secretome of a soil microbial community developed on suberin as carbon 
source 
 
A proteomics study was carried out to determine the behavior of a soil bacterial 
community exposed to potato suberin. A soil bacterial community was thus developed for 
a 60-day period in a culture medium containing suberin as carbon source. Periodically, 
extracellular proteins from the culture media were sampled and analyzed. Only a fraction 
of the culture supernatant was removed to prevent the breakup of potential enzymatic 
cascades and this fraction was replaced by a fresh mineral solution to provide a fresh 
supply of microelements. Only proteins with a predicted extracellular localization (42% 
of the total proteins) were further analyzed since predicted intracellular proteins may 
originate from lysed cells that could not multiply on suberin. A total of 244 different 
extracellular proteins were identified over time (Table S1) and were classified into ten 
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functional groups. Figure 1 illustrates the distribution of the proteins into functional 




Figure 1. Functional diversity index and distribution into functional groups of predicted 
extracellular proteins produced by a soil bacterial community grown in minimal medium 
supplemented with suberin. 
 
The number of predicted extracellular proteins drastically decreased from day 5 to 
day 20, with the NSpC dropping from 36.5 to 6.7. NSpC then slowly increased to reach 
13 after 60 days of incubation (Fig. 1). Proteins involved in the functional group 
Transport, secretion and efflux were the most abundant and their concentrations increased 
in the culture from day 10 to day 60. At the end of the experimental period, this protein 
category comprised over 90% of the supernatant proteins. Accordingly, Df continually 
decreased from 0.69 at day 5 down to 0.09 at day 60 (Fig. 1). There were few proteins 
involved in Lipid metabolism and ketogenesis (NSpC = 0.00 to 0.34) at all sampling 
times. In this protein category, two putative lipases were identified: I4WGM2 (NSpC = 
0.11) and Q1CWS1 (NSpC = 0.02), which are associated with R. thiooxydans and 
Myxococcus xanthus, respectively. These proteins were detected in the supernatant after 
60- and 20-day-incubation times, respectively (Table S1). 
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Most proteins identified could be associated with a sole bacterial genus (Table 
S1). When more than one bacterial genus could be assigned to a protein, the protein was 
arbitrarily assigned to the genus associated with the highest NSpC at the relevant 
sampling date. The secretome analysis revealed a low Dt after 5 days of growth (Dt = 
0.18). This diversity index Dt, however increased to 0.69 at day 10 to stabilize at 
approximatively 0.80 thereafter (0.83, 0.79 and 0.77 at days 20, 30 and 60, respectively). 
The low Dt observed at day 5 could be explained by the fact that about 90% of the 
secreted proteins could be assigned to Pseudomonas species (Table S1). Only two genera 
produced detectable amount of extracellular proteins at all sampling times: Methylotenera 
and Pseudomonas (Table 1). However, NSpC assigned to Pseudomonas drastically 
decreased over time, from 32.9 at day 5 down to 0.1 at day 60 (Table 1). In contrast, 
NSpC continuously increased from day 5 to the end of the culture period for three genera: 
Bradyrhizobium, Variovorax and Ralstonia. At the end of the culture period, proteins 
secreted by Burkholderia and Ralstonia predominated (NSpC of 4.3 and 4.2, 
respectively). Proteins produced by nine bacterial genera (Afipia, Bacteroides, 
Flavobacterium, Hyphomicrobium, Niastella, Oscillatoria, Salinibacter, Sphingomonas 




Table 1 Abundance of predicted extracellular proteins (NSpC) within the diverse bacterial 
genera identified in suberin medium inoculated with potato field soil 
 
Bacterial genus 
Incubation time (days) 
5 10 20 30 60 
Acidovorax -
a 
0.15 - 0.48 0.25 
Acinetobacter 2.04 2.39 1.83 0.25 - 
Afipia - - - - 0.24 
Azospirillum - - - 0.10 - 
Bacteroides - - - - 0.02 
Bordetella - 0.19 - - - 
Bradyrhizobium - 0.05 0.16 0.29 0.44 
Burkholderia - 8.71 0.01 0.68 4.27 
Comamonas - - 0.61 0.43 - 
Cupriavidus - 0.07 - 0.43 1.14 
Elusimicrobium - - - 0.03 - 
Flavobacterium - - - - 0.02 
Hyphomicrobium - - - - 0.06 
Methylobacterium - - 0.65 0.09 0.19 
Methylotenera 0.35 0.21 0.23 0.19 0.10 
Mucilaginibacter - - - 0.06 0.10 
Myxococcus - - 0.02 - - 
Niastella - - - - 0.02 
Oscillatoria - - - - 0.06 
Patulibacter - 1.49 1.08 0.08 - 
Polynucleobacter - 0.35 - - - 
Pseudomonas 32.90 7.10 1.43 1.33 0.11 
Ralstonia - 0.08 0.16 3.68 4.17 
Rhizobium - - 0.05 0.10 0.10 
Rhodanobacter - - - 0.03 0.35 
Rhodopseudomonas - - 0.13 - 0.36 
Rickettsia - - - 0.11 0.33 
Salinibacter - - - - 0.02 
Serratia 1.21 - - - - 
Sphingomonas - - - - 0.05 
Stenotrophomonas  - - - - 0.06 
Streptomyces - - - 0.08 - 
Variovorax - 0.15 0.25 0.44 0.49 
Unclassified bacteria - - - - 0.02 
a
 -: protein not detected or protein identification not considered valid. 
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Most proteins identified could be associated with a sole bacterial genus (Table 1). 
When more than one bacterial genus could be assigned to a protein, the protein was arbitrarily 
assigned to the genus associated with the highest NSpC at the sampling date. Table 1 presents 
the distribution of secreted proteins within the bacterial genera. The secretome analysis 
revealed a low Dt after 5 days of growth (Dt = 0.18). This diversity index, however increased 
to 0.69 at day 10 to stabilize at approximatively 0.80 thereafter (Fig. 1). The low Dt observed 
at day 5 could be explained by the fact that about 90% of the secreted proteins could be 
assigned to Pseudomonas species. Only two genera produced an amount of detectable 
extracellular proteins at all sampling times: Methylotenera and Pseudomonas. However, NSpC 
assigned to Pseudomonas drastically decreased over time, from 32.04 at day 5 down to 0.59 at 
day 60. In contrast, NSpC continuously increased from day 5 to the culture ending for three 
genera: Bradyrhizobium, Variovorax and Ralstonia. At the culture ending, proteins secreted by 
Burkholderia and Ralstonia predominated (NSpC of 4.27 and 4.17, respectively). Proteins 
produced by nine bacterial genera (Afipia, Bacteroides, Cupriavidus, Flavobacterium, 
Hyphomicrobium, Niastella, Salinibacter, Sphingomonas and Stenotrophomonas) and by one 
unclassified bacterium were detected only at day 60 (Fig. 1, Table 1). 
 
2.4.2. Secretome of R. thiooxidans grown on suberin as the sole carbon source 
 
The chemical structure of suberin suggests that esterases such as lipases are involved in 
its hydrolysis. Since a lipase from R. thiooxydans was detected in the secretome of the 
bacterial community after 60 days of incubation, we hypothesized that this bacterium could be 
a potential suberin degrader and a R. thiooxydans strain was thus grown in suberin-containing 
medium. Figure 2 shows the growth curve of R. thiooxydans in a suberin-containing medium. 
In the absence of suberin, growth fell from 4.47 (day 0) to 3.31 log10CFU/mL on day 5. No 





Figure 2. Growth curve of Rhodanobacter thiooxidans in minimal medium supplemented with 
suberin as sole source of carbon. 
 
R. thiooxydans protein profile was examined after both 5 and 30 days of growth in SM. A total 
of 839 proteins (Table S2) were classified into ten functional groups (Fig. 3) and 48% of these 
proteins were present after both 5 and 30 days of incubation. Predicted extracellular proteins 
represented approximately 42% of the identified proteins at both days 5 and 30. Protein 
abundance (NSpC) was 192.6 and 219.5 at days 5 and 30, respectively (Fig. 3). However, 
predicted extracellular proteins accounted for 42 and 34% of the NSpC at days 5 and 30, 
respectively (Fig. 3). Although Df values associated with the R. thiooxydans proteome were 
similar on both sampling dates (0.87 and 0.88, at days 5 and 30, respectively), protein 
distribution within the functional groups showed different profiles (Fig. 3). At day 30, the 
predominant functional group was Stress and defense mechanisms (NSpC = 38.8), whereas 
proteins linked to Replication, transcription, translation, DNA repair function predominated at 




Figure 3. Functional diversity index and distribution into functional groups of proteins 
produced by Rhodanobacter thiooxidans LCS2 grown in minimal medium supplemented with 
suberin. 
 
Fifty of the identified proteins belonged to the Lipid metabolism and ketogenesis functional 
group (Table 2), including three predicted extracellular lipases, I4WUC2, I4WSC3 and 
I4WGM2, the latter having also been detected in the secretome of the soil bacterial 
community (Table S1). Proteins in this category were more abundant at day 30 than at day 5, 
representing 7.0 and 3.6% of total NSpC, respectively. The proportion of predicted 
intracellular proteins involved in Lipid metabolism and ketogenesis increased from 4.2 up to 
9.0% between days 5 and 30, whereas the concentration of predicted extracellular proteins in 
this category remained stable at both sampling dates (Fig. 3). Three proteins from other 
functional groups were also potentially linked to lipid metabolism. Proteins I4WDW1, 
I4WU70 and I4WHD4 were predicted to play a role in lipid binding or transport (Table S2 and 







Table 2 Rhodanobacter thiooxydans proteins involved in lipid metabolism and ketogenesis 













5 days 30 days 
I4VIC2 acyl carrier protein - 1.44 I 
I4VRU7 3-hydroxyacyl-CoA dehydrogenase - 0.28 I 
I4VV45 YdiF, acetate-CoA transferase - 0.13 I 
I4VY74 3-oxoacyl-ACP reductase - 0.07 I 
I4VZY3 acetoacetyl-CoA reductase - 0.06 E 
I4W091 acyl-CoA dehydrogenase domain-containing protein 0.04 - I 
I4WAL3 3-hydroxydecanoyl-[acyl-carrier-protein] dehydratase - 0.08 E 
I4WAL4 -ketoacyl-[ACP] synthase I 0.12 0.43 E 
I4WAZ2 acetoacetyl-CoA thiolase 0.66 0.66 E 
I4WB09 3-hydroxybutyryl-CoA dehydratase 0.13 - I 
I4WB55 long-chain fatty acyl CoA ligase - 0.07 I 
I4WBU8 acetyl-coenzyme A synthetase 0.11 0.12 I 
I4WBY7 3-hydroxybutyrate dehydrogenase - 0.09 E 
I4WBZ6 acetyl-CoA acetyltransferase 0.13 0.07 E 
I4WCN8 GpsA, glycerol-3-phosphate dehydrogenase 0.13 0.07 E 
I4WDA0 acyl-CoA dehydrogenase 0.04 0.25 I 
I4WE25 fatty acid binding protein 0.15 0.09 I 
I4WE72 branched-chain alpha-keto acid dehydrogenase subunit E2 0.38 0.22 I 
I4WEJ2 FabZ, 3-hydroxyacyl-[acyl-carrier-protein] dehydratase - 0.29 I 
I4WEK0 acetyl-coenzyme A carboxylase carboxyl transferase  - 0.04 I 
I4WFP4 fatty acyl-CoA synthetase 0.16 0.05 E 
I4WGM2 Lipase 0.14 0.09 E 
I4WIC3 acetyl-CoA acetyltransferase 0.23 0.62 I 
I4WIC4 3-hydroxyacyl-CoA dehydrogenase 0.20 0.94 I 
I4WJC3 polyhydroxyalkanoate depolymerase 0.07 - I 
I4WKE0 poly(R)-hydroxyalkanoic acid synthase, class III, PhaC subunit 0.14 0.05 I 
I4WKE1 poly(R)-hydroxyalkanoic acid synthase subunit 0.05 - E 
I4WKH0 3-oxoacyl-[acyl-carrier-protein] synthase 0.12 0.21 I 
I4WKH1 acyl carrier protein 0.11 - I 
I4WKH2 3-ketoacyl-[acyl-carrier-protein] reductase 0.20 0.04 E 
I4WKH3 malonyl-CoA-acyl carrier protein transacylase 0.14 0.31 E 
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I4WKH4 3-oxoacyl-[acyl-carrier-protein] synthase 0.16 0.13 I 
I4WKP8 acyl-CoA dehydrogenase  - 0.04 I 
I4WM78 acyl-CoA dehydrogenase domain-containing protein - 0.12 I 
I4WM94 acyl-CoA dehydrogenase - 0.06 E 
I4WM95 acyl-CoA dehydrogenase - 0.03 I 
I4WM96 acetoacetate decarboxylase 0.20 0.13 E 
I4WMY1 Phasin 1.86 5.43 I 
I4WP46 trans-2-enoyl-CoA reductase 0.11 0.25 I 
I4WPL0 enoyl-CoA hydratase 0.19 0.20 I 
I4WPU1 acyl-CoA dehydrogenase  - 0.05 E 
I4WR42 acyl carrier protein 0.10 0.35 I 
I4WR77 enoyl-CoA hydratase  0.08 - I 
I4WSC3 Lipase 0.08 0.20 E 
I4WSG8 acyl-CoA dehydrogenase  0.37 1.02 I 
I4WU86 acyl-CoA thiolesterase - 0.16 I 
I4WUC2 Lipase - 0.07 E 
I4WUD4 acetoacetyl-CoA reductase  0.17 - E 
I4WZ09 YdiF, acetate-CoA transferase 0.13 - I 
M4NHA9 acyl-CoA dehydrogenase - 0.36 I 
a Data are the mean of two replicates. 
b
 E : extracellular; I: intracellular. 
c





While plant pathogens (14) as well as saprophytic fungi (30) appear to play a role in 
suberin degradation, the role played by the soil bacterial community in the degradation process 
of this polymer has been poorly documented. In the present work, a soil bacterial community 
from a potato field was exposed to suberin for a 60-day period. The drastic decrease in the 
amount of extracellular proteins produced by this bacterial soil community in the first 20 days 
of culture indicates that suberin did not represent an efficient carbon and energy source for 
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most soil bacteria. Pseudomonas has been reported as one of the ten most important genera 
found in the bulk soil of potato fields (15). Although the considerable predominance of 
proteins from the genus Pseudomonas in the first days of the culture is striking, it likely 
reflects the rapid growth of Pseudomonas on carbon sources present in the soil (27). Proteins 
from other genera found in abundance in the same bulk soils, such as Rhodanobacter, 
Sphingomonas and Mucilaginibacter (15), were not detected in the culture supernatant of the 
suberin-containing medium until at least 30 days of growth. Although the concentration of 
proteins associated with Pseudomonas drastically dropped over time, it could not be ruled out 
that members of this genus could utilize suberin components such as glycerol and lipids. In the 
first 10 days of culture, pseudomonads secreted J0YBC2, an Yce1-like protein [protein with 
lipid binding property (41)]; E2XW23, a long-chain fatty acid transporter and C3JZ29, a 
glycerophosphoryl diester phosphodiesterase, enzymes involved in glycerol and lipid 
catabolism. A S. scabiei homolog of the latter protein was also shown to be produced in the 
presence of suberin and the corresponding gene was upregulated by the presence of suberin 
(22). The constant decrease in Pseudomonas protein concentration nevertheless suggests that 
the energy obtained from the suberin substrate did not allow the Pseudomonas population to 
successfully compete with other microorganisms. 
 
While the amount of extracellular proteins drastically decreased in the first 20 days of 
growth, the secreted proteins originated from more diversified bacterial populations. The 
increase of extracellular protein concentration from day 20 to day 60 might likely have 
resulted from the proliferation of bacterial species more adapted to survive and grow in the 
presence of a recalcitrant compound such as suberin. These species comprise bacteria that do 
not depend on suberin as energy and carbon sources (autotrophs), oligotrophs that are capable 
of growth on very low concentrations of nutrients, as well as suberin-utilizing bacteria. The 
emergence of autotrophic bacteria such as Oscillatoria and the persistence of insoluble suberin 
substrate in the culture medium after 60 days of incubation reflect the recalcitrant nature of 
suberin. A recent study examining the bacterial succession of microorganisms in the 
rhizosphere of plants grown in sand demonstrated that the bacterial diversity declined, with 
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autotrophs becoming dominant due to the scarcity of carbon sources; a predominance of 
auxotrophs was not observed in the rhizosphere of plants grown in composts (45).  
 
Burkholderia was the genus showing the highest protein concentration at the end of the 
incubation period. However, this population may be composed of genotypically different 
subpopulations (46) since the concentration of extracellular proteins associated with the genus 
declined at first and then gradually increased. Extracellular proteins for which concentrations 
progressively and continuously increased over time originated from three bacterial genera: 
Bradyrhizobium, Ralstonia and Variovorax. However, the proliferation of these genera could 
not be unequivocally attributed to their ability to use suberin as carbon source as the proteins 
identified in this study did not encode for enzymes involved in plant cell wall degradation. 
Retention of Bradyrhizobium and Ralstonia in the prolonged culture may be due to their 
oligotrophic nature. McAlister et al. (31) isolated Bradyrhizobium and Ralstonia oligotrophic 
strains from ultrapure water and showed that some of them were capable of cryptic growth, 
utilizing the lysis products of dead cells as an energy source. Recently, it has also been 
demonstrated that the plant pathogen Ralstonia solanacearum could degrade hydroxycinnamic 
acid (28), the main constituent of the suberin aromatic fraction (4). For some bacterial 
populations, growth on suberin might thus depend on the phenolics present in suberin. While 
Variovorax is known as an important root colonizer, analysis of its genome revealed the 
absence of genes encoding hydrolytic enzymes capable of degrading plant cell wall 
polysaccharides but showed the presence of several feruloyl esterase genes (13). Feruloyl 
esterases are overproduced in S. scabiei in the presence of suberin and it has been proposed 
that these enzymes could cleave the aliphatic fraction of suberin from the aromatic moiety 
(22). When S. scabiei was grown in the presence of suberin, the vast majority of its 
extracellular proteins were identified as glycosyl hydrolases (22). Only one glycosyl hydrolase 
has been found in the secretome of the soil community, a xylanase from S. scabiei, confirming 
that residual polysaccharides embedded in suberin are not readily accessible for microbial 
degradation (22),. This supports the hypothesis that production of several glycosyl hydrolases 
by S. scabiei in a suberin-containing medium is not induced by the presence of sugars (35). 
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At the end of the culture period, the Df was low and most proteins identified belonged 
to the functional group Transport, secretion and efflux. Other metaproteomics studies on 
bacterial populations living on plant surfaces have also identified mainly proteins linked to 
nutrient transport (19). The two predicted lipases detected during growth of the bacterial soil 
community in the presence of suberin belonged to the genera Myxococcus and Rhodanobacter, 
respectively. While Myxococcus is known to produce cell surface enzymes with esterase 
activity (39), Rhodanobacter is known as an efficient potato tuber colonizer. This genus has 
been identified as one of the predominant genera colonizing potato tubers (15) and has been 
detected in soils where potatoes, but not barley, have been cultivated (16). As an organism 
adapted to live in association with potato, Rhodanobacter might possess the abibity to degrade 
potato suberin, and the behavior of R. thiooxydans on potato suberin was thus examined by 
proteomics. 
 
When grown on suberin, only a small fraction of the Rhodanobacter secretome 
appeared to be dedicated to lipid metabolism. A similar situation was observed when S. 
scabiei was grown on suberin as a carbon source (22) or when Bacillus was grown on cutin 
(2), a polymer bearing structural similarity to suberin. Less than half of Rhodanobacter 
proteins were predicted to have an extracellular localization, suggesting that cell lysis 
frequently occurred in the suberin-containing medium. Nevertheless, the analysis of the 
proteome revealed that the bacterium might possess not only the tools to depolymerize the 
aliphatic fraction of suberin but also the ability to bind suberin, to assimilate fatty acids and to 
convert them into cellular constituents or storage material (Table 3). The ability of R. 
thiooxydans to grow on fatty acids as carbon and energy sources has been previously reported 
(25). The detection in this study of a fructose-1,6-bisphosphatase (I4WC19), which is 
dedicated to gluconeogenesis, is an indication that fatty acids allowed the growth of R. 






Table 3 Putative suberin degradation and utilization pathways in Rhodanobacter thiooxydans  
  
 
Biological process Predicted protein function 
Uniprot accession number of 
identified proteins  
Suberin depolymerisation 
 Suberin adhesion lipid binding protein I4WDW1 
 Depolymerisation of 
suberin fatty acid 
polyester structure 
Lipase I4WSC3, I4WGM2, I4WUC2
a
 
Fatty acid utilization 
 Lipid cell entry lipid transport I4WU70 
  long-chain fatty acid transport protein I4WHD4 
 Fatty acid catabolism   
 CoA activation fatty acyl CoA synthetase  I4WFP4 
  long-chain fatty acyl CoA ligase I4WB55
a
 

























  3-hydroxyacyl-CoA dehydrogenase I4WIC4, I4VRU7
a
 
  acetyl-CoA acetyltransferase I4WBZ6, I4WIC3 
 Regulation of fatty acid 
utilization process 
fatty acid binding protein I4WE25 
Transformation of ketone bodies produced as result of -oxidation 
 Detoxification of ketone 
bodies (acetone 
production) 
acetoacetate decarboxylase I4WM96 
 Carbon storage as 
polyhydroxyalkanoate 
granules 
acetoacetyl-CoA thiolase I4WAZ2 





 poly(R)-hydroxyalkanoic acid synthase I4WKE0, I4WKE1
b
 





 Phasin 4WMY1 
a 
Proteins detected only at day 30. 
b 
Proteins detected only at day 5. 
Protein I4WDW1, one of the most abundant proteins found in the secretome, is a 
putative lipid-binding protein that might facilitate accessibility of the R. thiooxydans 
enzymatic battery to suberin. Three lipases (I4WUC2, I4WGM2 and I4WSC3) could release 
fatty acids from suberin by hydrolyzing the ester bounds linking the aliphatic components of 
suberin. These lipases might be active since esterase activity has been detected in the 
supernatant of R. thiooxydans suberin-containing culture medium (data not shown). The 
degradation products released by the lipases might then be assimilated as we also detected 
proteins involved in lipid or long-chain fatty acid transport (I4WU7 and I4WHD4). In 
Escherichia coli, outer membrane-bound long-chain fatty acid transporters act as channels, 
allowing fatty acid assimilation (7). These long-chain fatty acid transporters work in 
conjunction with inner membrane-associated fatty acyl CoA synthetases that activate these 
compounds to CoA thioesters rendering this entry process unidirectional (7); I4WFP4 and 
I4WB55 might play a similar role in R. thiooxydans. The fact that enzymes predicted to 
achieve the four steps of -oxidation (33) were detected (Table 4) suggests that long-chain 
fatty acids effectively serve as carbon sources for Rhodanobacter. -oxidation proteins were 
even more abundant after a prolonged incubation (total NSpC of 1.39 and 4.18 at days 5 and 
30, respectively) suggesting that fatty acids are a significant carbon source when R. 
thiooxydans grows in the presence of suberin.  
 
The presence of an acetoacetate decarboxylase (I4WM96) that catalyzes the production 
of acetone suggests that acetate yielded by -oxidation should be converted into acetone to 
prevent acid accumulation and toxicity (36). In an excess of carbon sources, several bacteria 
have been shown to exhibit the ability to convert products of the -oxidation process into 
storage material such as polyhydroxyalkanoates (PHA) (29). Since enzymes providing 
52 
 
precursors for PHA biosynthesis (I4WKH2, I4WKH3,I4WB09), enzymes directly involved in 
PHA biosynthesis (29) as well as phasin (Table 4), a surface protein associated with PHA 
granules, (43) have been detected in R. thiooxydans suberin medium, PHA biosynthesis by R. 
thiooxydans is likely to occur.  
 
The production of several proteins involved in lipid metabolism strongly suggests that 
R. thiooxydans has the capacity to obtain carbon from the aliphatic fraction of potato suberin. 
The production of numerous stress-related proteins, especially after a 60-day incubation, 
nevertheless indicates that suberin represents a stressful environment for Rhodanobacter, as 
has been shown for other microorganisms such as S. scabiei (22, 24) and Aspergillus nidulans 
(30). The predilection of Rhodanobacter for the potato tuber environment (16) has not been 
explained but the capacity to at least partly degrade potato periderm constituents might 
represent a competitive advantage over numerous other bacteria present in the rhizosphere. 
While this study confirmed that suberin is recalcitrant to degradation by several soil bacterial 
populations, the involvement in this process of heterotroph soil bacteria that predominate after 
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2.7. Tableau Supllementaire S1 
 
Table S1 Proteins with predicted extracellular localization produced by soil bacterial 
community during growth in minimal medium supplemented with suberin, from 5 to 60 days 
 
UniProt or UniRef 
accession number 
Bacterial species Putative function 
Abundance (NSpC) 
5 d 10 d 20 d 30 d 60 d 




 Pseudomonas spp.  Pvds-regulated endoprotease 
-
c 




 Pseudomonas spp.  dihydroxy-acid dehydratase 




 Pseudomonas spp.  Protease 
0.15 - - - - 
 C3K907 Pseudomonas fluorescens Protease 0.08 - - - - 
 E1T7C4 Burkholderia sp.  ArgE, acetylornithine deacetylase - 0.04 - - - 
 F2LE35 Burkholderia gladioli Protease - 0.12 - - - 
 J2YKE9 Pseudomonas sp. Dipeptidase 0.06 - - - - 





 Burkholderia spp. Enolase 
- 0.11 - - - 
 C3K5I7 Pseudomonas fluorescens malate:quinone oxidoreductase 0.03 - - - - 
 
C9ZE95 Streptomyces scabiei xylanase A 
- - 0.08 - - 
 UPI000289064F Pseudomonas sp.  malic enzyme 0.29 0.09 - - - 




 Yersinia spp. peptidoglycan-associated 




 Rickettsia spp. peptidoglycan-associated 




 Methylobacterium spp.  BamA 
- - - - 0.03 




 Burkholderia spp.  peptidoglycan-associated 




 Burkholderia spp.  peptidoglycan-associated 
lipoprotein - 0.61 - - - 
 C3JYS2
 b
 Pseudomonas spp. TolB 0.13 0.04 - - - 
 C3K1L1 Pseudomonas fluorescens BamB 0.20 - - - - 




 Pseudomonas spp. OmpA family-lipoprotein 




 Pseudomonas spp. phosphatidylserine decarboxylase 




E2XZ64 Pseudomonas fluorescens   SurA 
0.06 - - - - 




 Pseudomonas spp. peptidoglycan-associated 




 Pseudomonas spp. outer membrane protein H1 




 Pseudomonas spp. BamD 
0.10 - - - - 
 O85417 Pseudomonas caricapapayae outer membrane lipoprotein I - - - 0.56 - 
 UPI00028991C8 Pseudomonas extremaustralis Flagellin 0.78 - - - - 




 Burkholderia spp. PQQ-dependent dehydrogenase 




 Burkholderia spp.  malate dehydrogenase 




 Pseudomonas spp.  phosphoenolpyruvate synthase 




 Pseudomonas spp.  ATP synthase, gamma chain 




 Pseudomonas spp.  succinate dehydrogenase 
flavoprotein subunit 0.09 - - - - 
 
C3KBL8 Pseudomonas fluorescens aerobic glycerol-3-phosphate 
dehydrogenase 0.17 - - - - 
 C3KCP3 Pseudomonas fluorescens   Acetyltransferase 0.30 0.18 - - - 




 Pseudomonas spp.  electron transfer flavoprotein, 




 Pseudomonas spp. UDP-glucose 6-dehydrogenase 
0.08 - - - - 




 Bordetella spp.  acetoacetyl-CoA reductase 




 Pseudomonas spp.  glycerophosphoryl diester 




 Pseudomonas spp.  3-hydroxydecanoyl-[acyl-carrier-
protein] dehydratase 0.16 - - - - 




 Pseudomonas spp.  Yce1-like protein 
- 0.14 - - - 
 Q1CWS1 Myxococcus xanthus Lipase - - 0.02 - - 




 Burkholderia spp.  elongation factor Ts 




 Polynucleobacter necessarius  elongation factor Tu 




 Pseudomonas spp. 50S ribosomal protein L16 




 Pseudomonas  spp. 50S ribosomal protein L14 




 Pseudomonas spp.  30S ribosomal protein S5 




 Burkholderia spp. 50S ribosomal protein L24 




 Burkholderia spp. LacI, transcriptional regulator 




 Burkholderia spp. 50S ribosomal protein L17 






 Burkholderia spp. 50S ribosomal protein L4 




 Pseudomonas spp. 30S ribosomal protein S11 




 Pseudomonas spp.  ATP-dependent RNA helicase 




 Pseudomonas spp.  50S ribosomal protein L15 




 Pseudomonas spp. RNA helicase 
0.03 - - - - 
 C3KC10 Pseudomonas fluorescens LemA, virulence regulator 0.22 - - - - 




 Pseudomonas spp.  50S ribosomal protein L9 
0.27 0.20 - - - 




 Pseudomonas spp.  GTP-binding protein 
0.08 - - - - 
 E7PK79 Pseudomonas syringae 30S ribosomal protein S9 0.27 - - - - 
 I2BR39 Pseudomonas fluorescens   ribosomal protein L25 0.33 - - - - 
 K8R288 Burkholderia sp. transcription accessory protein - 0.08 - - - 




 Burkholderia spp.  FtsH, metalloprotease 




 Pseudomonas spp.  thioredoxin reductase 
0.21 - - - - 




 Pseudomonas spp.  Peroxidase 




 Pseudomonas spp.  RecA 
0.21 - - - - 
 E2XRC5 Pseudomonas fluorescens thiol peroxidase 0.22 - - - - 
 
E2XY77 Pseudomonas fluorescens hyperosmotically inducible 




 Pseudomonas spp. FtsH, metalloprotease 




 Pseudomonas spp.  cold-shock DEAD box protein A 
0.07 - - - - 
 I4L9S5 Pseudomonas synxantha DnaK - 0.13 - - - 




 Burkholderia spp. amino acid/amide ABC 




 Acidovorax spp. monosaccharide ABC transporter 




 Acidovorax spp. Porin 




 Burkholderia spp.  cation/multidrug efflux pump 




 Sphingomonas wittichii  TonB-dependent receptor 




 Serratia proteamaculans metal ABC transporter 




 Serratia spp.  amino acid transporter 




 Serratia proteamaculans Porin 




 Serratia spp. cationic amino acid ABC 




 Methylobacterium spp.  Porin 






 Pseudomonas spp.  sulfate ABC transporter 




 Burkholderia spp. OmpC family porin 
- 0.18 - - 0.15 
 B1G0N8 Burkholderia graminis Porin - - - - 0.19 
 B1GB98 Burkholderia graminis Porin - - - 0.20 0.48 
 B1LV39 Methylobacterium radiotolerans Porin - - - - 0.10 
 B1ZFK7
 b




 Burkholderia spp. monosaccharide-transporting 




 Burkholderia spp.  extracellular amino acid-binding 
receptor - 1.50 - - - 
 B2JM60 Burkholderia spp.  Porin - - - - 0.08 
 
B2T4D9 Burkholderia phytofirmans extracellular amino acid-binding 
protein - 0.07 - - - 
 B2T6X5 Burkholderia phytofirmans dipeptide-binding protein - 0.07 - - - 
 B2U879 Ralstonia pickettii OmpA/MotB domain protein - - - 0.65 0.70 




 Ralstonia spp. Porin 




 Burkholderia spp. amino acid ligand-binding 
receptor - 0.10 - - - 
 
B5WIR3 Burkholderia sp. cationic amino acid ABC 









 Pseudomonas spp.  histidine-binding periplasmic 
protein 0.11 - - - - 




 Pseudomonas spp.  branched-chain amino acid ABC 




 Pseudomonas spp.  maltose-binding protein 
0.07 - - - - 
 C3JZG0 Pseudomonas fluorescens ferric siderophore  receptor 0.03 - - - - 




 Pseudomonas spp.  imelysin  
0.13 - - - - 




 Pseudomonas spp. SecD 




 Pseudomonas spp.  glycine betaine/L-proline ABC 




 Pseudomonas spp. putrescine ABC transporter  




 Pseudomonas spp.  ABC transporter 
0.07 - - - - 
 C3K5B7 Pseudomonas fluorescens Porin 0.14 - - - - 




 Pseudomonas spp.  amino acid transporter 




 Pseudomonas spp.  SecB 
0.22 - - - - 






 Pseudomonas spp.  nucleoside-binding protein 
0.13 - - - - 
 
C3K8Z6 Pseudomonas fluorescens branched amino acid ABC 
transporter 0.60 - - - - 
 C3K914 Pseudomonas fluorescens   ABC transporter 0.31 - - - - 




 Pseudomonas spp.  glutamate/aspartate ABC 




 Pseudomonas spp.  sulfate ABC transporter 




 Pseudomonas spp.  ABC transporter 
0.38 - - - - 
 C3KEB0 Pseudomonas fluorescens amino acid ABC transporter 1.08 - - - - 
 C3KEC2 Pseudomonas fluorescens OmpA-like 0.62 - - - - 
 D0S6Y6 Acinetobacter calcoaceticus DcaP-like 0.53 0.53 0.43 0.17 - 
 D5H5Q2 Salinibacter ruber TonB-dependent receptor - - - - 0.02 
 D8D960 Comamonas testosteroni OmpA/MotB - - 0.61 0.43 - 




 Acinetobacter spp.  porin  
- 0.11 0.11 - - 
 D8JLF9 Acinetobacter sp.  Porin 0.39 0.43 0.43 - - 
 D8NXA2 Ralstonia solanacearum Porin - - - 0.72 0.74 
 E2T0T6 Ralstonia sp.  Porin - - 0.05 0.44 0.51 
 
E2XKC2 Pseudomonas fluorescens   type I secretion outer membrane 




 Pseudomonas spp. branched-chain amino acid ABC 




 Pseudomonas spp. dipeptide ABC transporterer 




 Pseudomonas spp.  OmpH 
0.37 - - - - 
 
E2XN23 Pseudomonas fluorescens   type I secretion membrane fusion 
protein 0.12 - - - - 
 E2XW23 Pseudomonas fluorescens long-chain fatty acid transporter  0.04 - - - - 




 Bacteroides spp.  TonB-linked outer membrane 
protein - - - - 0.02 
 F0KK22 Acinetobacter calcoaceticus porin D 0.13 0.15 0.06 - - 
 F6KQ92 Pseudomonas costantinii  OprF 0.35 - - - - 
 G3A5T6 Ralstonia syzygii  OmpA - - - 0.54 0.63 




 Burkholderia spp. extracellular solute-binding 
protein - 0.43 - - - 
 G8M683
 b
 Burkholderia spp. OmpC - 0.13 - - - 
 G8M6G8 Burkholderia sp. OmpA/MotB family protein - 0.6 - - - 
 G8M893 Burkholderia sp.  Porin - - - 0.17 0.56 




 Burkholderia spp. branched chain amino acid ABC 
transporter  - 0.07 - - - 
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 Patulibacter spp. phosphate binding protein 
- 1.49 1.08 0.08 - 
 H1KP99 Methylobacterium extorquens Porin - - 0.22 - - 
 H1S518 Cupriavidus basilensis HlyD - 0.07 - - - 
 H1SI50 Cupriavidus basilensis Porin - - - - 0.18 
 H1Y2T7 Mucilaginibacter paludis OmpA/MotB domain protein - - - 0.06 0.10 




 Pseudomonas spp.  OprD 
0.10 - - - - 
 I2BLJ9 Pseudomonas fluorescens   Porin - 0.45 - - - 
 I2BPB1 Pseudomonas fluorescens FpvA 0.09 - - - - 
 I2BVR7 Pseudomonas fluorescens OprD 0.38 - - - - 
 I2BWR7 Pseudomonas fluorescens   TagQ 0.34 - - - - 




 Burkholderia spp. Porin 
- - - - 0.48 




 Pseudomonas spp.  OprB 




 Pseudomonas spp.  amino acid ABC transporter 
0.29 - - - - 
 I4KV15 Pseudomonas synxantha TonB-dependent receptor 0.15 - - - - 




 Rhodanobacter spp. TonB-dependent receptor 
- - - 0.03 0.06 




 Rhodanobacter spp. PilQ 
- - - - 0.12 
 
I5D4U3 Burkholderia terrae OmpA/MotB domain-containing 
protein - 0.43 - - 0.52 
 
J2SD86 Flavobacterium sp. TonB-linked outer membrane 
protein, - - - - 0.02 




 Pseudomonas spp.  OprD family porin 




 Pseudomonas spp.  peptidoglycan-associated 
lipoprotein 0.24 0.19 0.08 - - 
 J3CB80 Variovorax sp. Porin - 0.10 0.05 0.20 0.25 
 J3CWR3 Bradyrhizobium sp.  Porin - 0.05 0.16 0.29 0.44 
 J3DTD1 Pseudomonas putida OprD family porin - 0.15 0.10 0.04 0.06 
 J3GVG6 Pseudomonas sp.  OprD family porin - 0.13 0.04 - - 
 K0HTW4 Acidovorax sp. OmpA/MotB - - - 0.32 - 
 K8P9Z0 Afipia broomeae Porin - - - - 0.24 
 K8R697 Burkholderia sp. Porin - - - - 0.15 
 K8R8N3 Burkholderia sp.  OmpC family porin - - - 0.05 0.32 
 K8RAU9 Burkholderia sp.  OmpC family porin - 0.13 0.10 0.15 0.53 
 K8RQJ6 Burkholderia sp.  Porin - - - - 0.46 
 K9AC78 Acinetobacter baumannii Omp38 0.39 0.58 0.45 0.08 - 
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 K9ACC8 Acinetobacter baumannii DcaP-like 0.15 0.38 0.21 - - 
 
K9CQK5 Acinetobacter baumannii transporter, Ompp1/FadL/TodX 




 Cupriavidus spp. Porin 
- - - 0.43 0.96 
 
L7H9X2 Pseudomonas fluorescens branched-chain amino acid ABC 
transporter 0.35 - - - - 
 L7HLG1 Pseudomonas fluorescens Porin 0.76 - - - - 
 Q213J7 Rhodopseudomonas palustris Omp2b - - 0.13 - 0.36 
 Q46WM6 Ralstonia eutropha Porin - - - - 0.33 
 Q4FCM8 Acinetobacter sp. outer membrane protein A 0.16 - - - - 
 Q5QQ59 Pseudomonas fluorescens OprE3 0.49 - - - - 
 Q6FE98 Acinetobacter sp. Porin 0.10 - - - - 
 Q985C3 Rhizobium loti   Porin - - 0.05 0.10 0.10 
 UPI0002885851 Pseudomonas sp.  LivK 0.63 - - - - 
 UPI00028A1D9E Sphingomonas sp. TonB-dependent receptor - - - - 0.03 





 Burkholderia spp. cell division factor 




 Pseudomonas spp.  adenylosuccinate lyase 




 Pseudomonas aeruginosa polyribonucleotide 
nucleotidyltransferase 0.14 - - - - 




 Pseudomonas spp.  inositol monophosphatase 
0.13 - - - - 




 Pseudomonas spp.  NADP(H)-dependent aldo-keto 
reductase 0.08 - - - - 




 Pseudomonas spp.  adenylate kinase 




 Pseudomonas spp. peptidyl-prolyl cis-trans 
isomerase 0.58 0.38 - - - 




 Pseudomonas spp.  chromosome partitioning protein 




 Pseudomonas spp.  YeaG 
0.24 - - - - 
 UPI00028A32F2 Pseudomonas extremaustralis VacJ family lipoprotein 0.31 - - - - 




 Pseudomonas spp.   




 Burkholderia spp.   




 Methylobacterium spp.   
- - 0.12 0.09 - 
 C3JYK6 Pseudomonas fluorescens  - 0.87 - - - 
 C3K3H1 Pseudomonas fluorescens    0.29 - - - - 






 Pseudomonas spp.   
0.22 - - - - 
 C3KED5 Pseudomonas fluorescens  0.35 - - - - 
 C6WZ97 Methylotenera mobilis  0.19 0.14 0.17 0.12 0.10 




 Acinetobacter spp.   
- 0.13 0.09 - - 
 D8JYJ3 Hyphomicrobium denitrificans   - - - - 0.06 
 E2XJW5 Pseudomonas fluorescens  0.10 - - - - 
 E2XLQ8 Pseudomonas fluorescens  0.38 0.29 - - - 




 Burkholderia spp.  




 Pseudomonas spp.   
0.11 - - - - 




 Pseudomonas spp.  
0.44 0.13 - - - 
 J8V5Q9 Pseudomonas putida  - 0.11 0.33 - - 
 UPI000288EA66 Pseudomonas extremaustralis  0.13 - - - - 
 UPI000289F004 Pseudomonas extremaustralis  0.10 - - - - 
a This protein could be assigned to more than one bacterial genus. The genus mentioned was 
arbitrarily chosen as it represented the 
most abundant genus at the sampling date. 
b This protein could be assigned to more than one species of the genus mentioned. 









2.8. Tableau Supllementaire S2 
 










5 days 30 days 
Amino acid metabolism 
 I4VHY4
b
 methylisocitrate lyase 0.16 0.23 
 I4VI38 cysteine synthase  -
c 
1.23 
 I4VNT3 isovaleryl-CoA dehydrogenase  0.07 - 
 I4VP75 glutamine synthetase  - 0.07 
 I4VUT5 pyrroline-5-carboxylate reductase - 0.07 
 I4VWA7 Xaa-Pro aminopeptidase 0.04 - 
 I4W1V5 anthranilate phosphoribosyltransferase  - 0.04 
 I4W2U0 Asparaginase - 0.14 
 I4W3N8 HtpX, protease - 0.05 
 I4W5U6 N-acetylornithine carbamoyltransferase 0.26 - 
 I4W668 aspartate-semialdehyde dehydrogenase  0.08 - 
 I4W6F3 histidine ammonia-lyase - 0.04 
 I4W6N2 peptidyl-prolyl cis-trans isomerase  - 0.09 
 I4W9W4 cysteine synthase 3.41 7.35 
 I4WAC2 peptidyl-prolyl cis-trans isomerase 0.20 0.08 
 I4WAU6 3-dehydroquinate dehydratase - 0.34 
 I4WAZ4 methylcrotonoyl-CoA carboxylase  0.03 - 
 I4WB23 4-hydroxy-tetrahydrodipicolinate synthase 0.08 0.13 
 I4WB48 methionine aminotransferase 0.04 0.40 
 I4WBE2 peptidase M28  0.04 - 
 I4WBP2 glycyl aminopeptidase 0.07 0.06 
 I4WBY8 arginine decarboxylase  0.03 0.04 
 I4WBY9 polyamine aminopropyl transferase 0.24 0.48 
 I4WC22 glutamine synthetase 0.13 - 
 I4WC30 Zn-dependent oligopeptidase 0.11 0.14 
 I4WC93 shikimate dehydrogenase - 0.33 
 I4WCE3 branched-chain amino acid aminotransferase  - 0.09 
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 I4WCR0 aminopeptidase N 0.10 - 
 I4WCU6 aromatic amino acid aminotransferase 0.34 0.58 
 I4WD72 peptidase M28  0.12 0.08 
 I4WD80 Protease 0.17 0.63 
 I4WDN0 alanine dehydrogenase  - 0.07 
 I4WDQ1 leucine dehydrogenase 0.36 0.24 
 I4WDT5 ArgD, acetylornithine aminotransferase 0.22 0.40 
 I4WE81 arginase  0.03 - 
 I4WEE3 cysteine desulfurase 0.04 0.10 
 I4WEG3 ornithine/acetylornithine aminotransferase  0.10 0.45 
 I4WEG6 proline iminopeptidase  - 0.13 
 I4WEG8 D-3-phosphoglycerate dehydrogenase 0.43 0.16 
 I4WEP6 dipeptidyl aminopeptidase/acylaminoacyl peptidase - 0.03 
 I4WEZ1 nitrogen regulatory protein P-II  0.50 0.38 
 I4WFS5 Protease 0.11 - 
 I4WFS8 leucine aminopeptidase 0.04 0.03 
 I4WG51 cystathionine beta-lyase/cystathionine gamma-synthase 0.10 0.10 
 I4WG78 GcvT, aminomethyltransferase 0.40 0.14 
 I4WG79 glycine cleavage system H protein 0.86 0.46 
 I4WGE0 maleylacetoacetate isomerase  - 0.08 
 I4WGE5 cysteine synthase  0.17 0.46 
 I4WGQ3 peptidase M28 - 0.09 
 I4WH07 peptidase S10 serine carboxypeptidase - 0.02 
 I4WH24 peptidyl-dipeptidase 0.03 0.21 
 I4WHD2 bifunctional proline dehydrogenase/pyrroline-5-carboxylate dehydrogenase 0.14 0.11 
 I4WHD9 peptidyl-dipeptidase 0.07 0.52 
 I4WI88 4-hydroxy-tetrahydrodipicolinate reductase 0.08 0.04 
 I4WI91 carbamoyl-phosphate synthase  0.08 - 
 I4WI92 carbamoyl phosphate synthase 0.08 - 
 I4WIP0 3-phosphoshikimate 1-carboxyvinyltransferase 0.11 0.04 
 I4WIP2 phosphoserine aminotransferase 0.10 0.12 
 I4WIR5 glycine dehydrogenase 0.08 0.15 
 I4WIT5 D-amino acid dehydrogenase 0.07 0.14 
 I4WIU0 HflC  - 0.23 
 I4WIU1 Protease 0.17 0.21 
 I4WIU5 Peptidase 0.15 0.15 
 I4WIU6 peptidase S46  - 0.03 
 I4WIU8 L-threonine 3-dehydrogenase  0.09 - 
 I4WIV0 2-amino-3-ketobutyrate coenzyme A ligase 0.13 0.23 
 I4WIW2 aspartate aminotransferase  0.24 1.49 
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 I4WIW4 peptidyl-prolyl cis-trans isomerase  - 0.17 
 I4WJA2 serine hydroxymethyltransferase  0.12 0.38 
 I4WJL2 Protease 0.06 0.07 
 I4WJL5 X-Pro dipeptidyl-peptidase - 0.03 
 I4WJU9 ProC, pyrroline-5-carboxylate reductase 0.18 - 
 I4WKD9 methylthioribose-1-phosphate isomerase  - 0.03 
 I4WKJ1 histidine ammonia-lyase 0.04 - 
 I4WL26 Protease 0.20 0.16 
 I4WLF3 tryptophan synthase beta chain 0.01 - 
 I4WLH1 imidazoleglycerol-phosphate dehydratase - 0.03 
 I4WLV4 aminotransferase  0.11 0.34 
 I4WM29 acetylornithine deacetylase 0.06 0.04 
 I4WM35 Metalloendopeptidase 0.47 0.76 
 I4WM64 prepilin-type N-terminal cleavage 0.14 - 
 I4WM81 NAD-glutamate dehydrogenase  0.08 0.10 
 I4WM86 glutaryl-CoA dehydrogenase  0.27 0.36 
 I4WMC6 peptidyl-prolyl cis-trans isomerase 0.06 - 
 I4WMK5 kynureninase  - 0.15 
 I4WMM4 carbamoyl phosphate synthase  0.03 - 
 I4WN39 Xaa-Pro dipeptidase  0.05 0.22 
 I4WN55 peptidase S8/S53  0.02 0.17 
 I4WN66 Indole-3-glycerol phosphate synthase 0.21 0.29 
 I4WN78 Dipeptidase 0.03 - 
 I4WPB8 HutI, imidazolonepropionase 0.06 0.03 
 I4WPC0 N-formimino-L-glutamate deiminase  - 0.03 
 I4WPD1 urocanate hydratase 0.06 0.31 
 I4WPH1 Xaa-Pro aminopeptidase - 0.02 
 I4WPJ5 peptidyl-prolyl cis-trans isomerase  0.18 0.20 
 I4WPK6 peptidyl-prolyl cis-trans isomerase  0.85 0.44 
 I4WQ39 argininosuccinate synthase  0.17 0.10 
 I4WQ41 acetylornithine deacetylase  0.03 - 
 I4WQ42 acetylglutamate kinase - 0.04 
 I4WQ44 argininosuccinate lyase 0.11 - 
 I4WQ91 Metallopeptidase 0.02 0.23 
 I4WQ99 peptidyl-prolyl cis-trans isomerase 0.26 - 
 I4WQQ8 gamma-glutamyltranspeptidase - 0.07 
 I4WRE3 TrpA, tryptophan synthase 0.17 - 
 I4WRG1 histidinol dehydrogenase 0.05 - 
 I4WRG9 enolase-phosphatase 0.10 0.98 
 I4WRS1 Aminopeptidase 0.14 0.03 
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 I4WRX3 gamma-glutamyltranspeptidase 0.08 - 
 I4WSM1 Aminopeptidase - 0.11 
 I4WSM4 threonine aldolase  - 0.25 
 I4WSY4 branched-chain amino acid aminotransferase 0.23 0.91 
 I4WSY6 methylenetetrahydrofolate reductase  - 0.08 
 I4WT46 peptidase M28  0.28 0.22 
 I4WTB2 Metallopeptidase 0.05 0.07 
 I4WU28 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-succinyltransferase  0.31 0.45 
 I4WVA0 peptidyl-prolyl cis-trans isomerase  0.36 - 
 I4WZ73 X-Pro dipeptidyl-peptidase 0.04 - 
 M4NC29 Zn-dependent peptidase - 0.02 
 M4NEI4 ornithine carbamoyltransferase - 0.14 
Carbohydrate metabolism 
 I4VKM3 inositol monophosphatase/fructose-1,6-bisphosphatase family protein - 0.05 
 I4WAH6 Phosphoglucomutase 0.08 0.10 
 I4WAH7 glucose-6-phosphate isomerase  0.04 0.16 
 I4WAH8 transaldolase  0.12 0.63 
 I4WBW6 ribokinase  - 0.18 
 I4WBX9 Phosphomannomutase 0.02 0.09 
 I4WCH0 GDP-L-fucose synthase  0.07 - 
 I4WCI9 Fpb, fructose-1,6-bisphosphatase 0.09 0.11 
 I4WCL1 L-sorbosone dehydrogenase 0.08 0.13 
 I4WCP3 Glk PE, glucokinase  0.03 - 
 I4WDU0 6-phosphofructokinase - 0.03 
 I4WEL7 2-dehydro-3-deoxy-6-phosphogalactonate aldolase - 0.11 
 I4WEN5 6-phosphogluconate dehydrogenase-like protein - 0.20 
 I4WEQ2 Entner-Doudoroff aldolase 0.45 0.75 
 I4WEQ3 phosphogluconate dehydratase 0.10 0.24 
 I4WEQ4 6-phosphogluconolactonase 0.44 0.42 
 I4WEQ5 glucose-6-phosphate 1-dehydrogenase 0.30 0.92 
 I4WF95 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase 0.25 0.09 
 I4WGD0 glyceraldehyde-3-phosphate dehydrogenase 0.42 - 
 I4WGD2 Pyruvate kinase  0.48 0.62 
 I4WGD4 fructose-bisphosphate aldolase  0.33 0.49 
 I4WGD7 transketolase  0.11 0.75 
 I4WGD9 Pgk, phosphoglycerate kinase 0.13 0.21 
 I4WGM3 xylanase deacetylase 0.42 0.82 
 I4WH34 alpha,alpha-trehalase 0.05 - 
 I4WHZ0 Phosphoketolase - 0.06 
 I4WI35 propanediol utilization protein 0.29 - 
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 I4WIU7 glycogen debranching enzyme 0.20 0.11 
 I4WM90 transketolase domain-containing protein 0.02 - 
 I4WN50 ribose-5-phosphate isomerase 0.35 0.52 
 I4WN86 glycoside hydrolase clan GH-D  - 0.01 
 I4WN98 ribulose-phosphate 3-epimerase 0.13 0.15 
 I4WPH4 enolase  0.33 1.17 
 I4WPK2 phosphoenolpyruvate synthase  0.13 0.08 
 I4WQC6 N-ethylammeline chlorohydrolase 0.09 0.25 
 I4WRP0 fructose-1,6-bisphosphatase  0.09 - 
 I4WRR0 cyclomaltodextrin glucanotransferase  0.20 0.38 
 I4WRR9 alpha-glucosidase  0.08 0.08 
 I4WU59 PEP phosphonomutase-like protein - 0.07 
 M4NMT8 Transaldolase 0.06 0.15 
Cell wall, membrane and envelope biogenesis 
 I4VNC9 glycosyl transferase family protein - 0.09 
 I4VVG1 D-alanine--D-alanine ligase 0.08 - 
 I4VX44 LysM domain-containing protein 0.18 - 
 I4VZT9 C-terminal processing peptidase  0.05 - 
 I4W030 lipoprotein releasing system transmembrane protein LolC/E family - 0.03 
 I4W2A0 pilus assembly protein 0.30 0.35 
 I4W2P0 membrane fusion protein 0.09 - 
 I4W6X0 UTP-glucose-1-phosphate uridylyltransferase 0.14 - 
 I4WAP1 BamD, outer membrane protein assembly factor  0.29 0.14 
 I4WAZ3 outer membrane protein 1.31 0.31 
 I4WB89 type 4 fimbrial biogenesis protein pily1-related protein 0.03 0.13 
 I4WC49 glycosyl transferase family protein 0.22 - 
 I4WCG1 glycosyl transferase family protein 0.06 0.05 
 I4WCH4 Class II pilin PilE 3.60 3.90 
 I4WDT8 UDP-N-acetylmuramate--L-alanine ligase 0.06 - 
 I4WDV8 glycosyltransferase  - 0.04 
 I4WEJ0 BamA .outer membrane protein assembly factor  0.09 0.23 
 I4WEJ4 lipid-A-disaccharide synthase 0.03 - 
 I4WEQ7 glucosamine-fructose-6-phosphate aminotransferase 0.11 - 
 I4WER7 lipid A 3-O-deacylase  0.19 - 
 I4WF26 Rhs family protein - 0.01 
 I4WFA3 membrane fusion protein  - 0.08 
 I4WFN8 GlmU, bifunctional acetyl transferase/uridyl transferase 0.14 - 
 I4WFT7 D-alanyl-D-alanine carboxypeptidase 0.04 0.08 
 I4WG42 glucosamine--fructose-6-phosphate aminotransferase  - 0.13 
 I4WG67 aminotransferase  0.18 0.24 
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 I4WGE3 OmpA/MotB domain-containing protein - 0.07 
 I4WGE6 glucosamine--fructose-6-phosphate aminotransferase 0.15 - 
 I4WGM9 LysM domain-containing protein 0.79 0.51 
 I4WGP0 glycosyl/glycerophosphate transferase  - 0.09 
 I4WGU3 peptidoglycan-associated lipoprotein 3.39 6.24 
 I4WGU4 Tol-pal system protein  0.20 - 
 I4WH26 Hemaglutitin 0.08 0.13 
 I4WI78 BamE, outer membrane protein assembly factor - 0.15 
 I4WIC8 type IV pilus biogenesis/stability protein 0.05 0.12 
 I4WID1 BamB, outer membrane protein assembly factor 0.31 0.29 
 I4WIN9 3-deoxy-manno-octulosonate cytidylyltransferase 0.07 - 
 I4WIT4 alanine racemase 0.05 0.09 
 I4WIV2 peptidoglycan-associated protein 2.18 2.38 
 I4WJ11 capsular polysaccharide biosynthesis protein 0.04 0.04 
 I4WJS2 filamentous hemaglutin-like 0.77 0.29 
 I4WJT4 two-component system sensor histidine kinase-response regulator hybrid 
protein pill 
0.05 0.05 
 I4WJT5 pilus biogenesis protein 0.22 0.17 
 I4WM62 Tfp pilus assembly protein FimT-like protein - 0.08 
 I4WM66 PilY1, type 4 fimbrial biogenesis protein  0.03 0.03 
 I4WM67 PilE - 0.09 
 I4WMA3 OmpA-like - 0.54 
 I4WNG6 fimbrial assembly membrane protein  0.65 0.54 
 I4WNG7 fimbrial assembly membrane protein  0.29 0.40 
 I4WNG8 fimbrial assembly membrane protein 0.34 0.22 
 I4WNG9 penicillin-binding protein  - 0.02 
 I4WNH8 surface lipoprotein  0.03 0.13 
 I4WPA0 outer membrane lipoprotein 1.55 0.93 
 I4WPA1 outer membrane protein 1.06 0.24 
 I4WPB6 MsbA, lipid A export ATP-binding/permease protein  0.02 0.03 
 I4WPH3 2-dehydro-3-deoxyphosphooctonate aldolase  0.25 0.28 
 I4WPK7 UDP-glucose dehydrogenase  0.03 0.15 
 I4WQ35 outer membrane lipoprotein  1.21 0.61 
 I4WRC8 lytic murein transglycosylase - 0.02 
 I4WRD8 FimV N-terminal domain-containing protein 0.43 0.13 
 I4WRZ3 flagellin domain-containing protein - 0.29 
 I4WSL0 LPS-assembly protein LptD 0.08 0.05 
 I4WT16 UDP-N-acetylglucosamine--N-acetylmuramyl-(pentapeptide) 
pyrophosphoryl-undecaprenol N-acetylglucosamine transferase 
0.12 0.05 
 I4WTB1 C-terminal processing peptidase  - 0.01 
 I4WUZ6 lytic murein transglycosylase 0.03 - 
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Energy production and conversion 
 I4VKE0 isocitrate dehydrogenase 0.10 - 
 I4VM16 alcohol dehydrogenase - 0.09 
 I4VXG5 succinyl-CoA ligase [ADP-forming] subunit alpha 0.28 - 
 I4W1D3 glyceraldehyde-3-phosphate dehydrogenase - 0.19 
 I4W1F4 NADH:flavin oxidoreductase/NADH oxidase  - 0.02 
 I4W1R0 bifunctional malic enzyme oxidoreductase/phosphotransacetylase  - 0.02 
 I4W332 cytochrome c4 0.29 0.29 
 I4W6A9 high potential iron-sulfur protein  - 0.09 
 I4W788 isocitrate lyase - 0.35 
 I4W7P8 Rubrerythrin - 0.33 
 I4W977 NADPH:quinone oxidoreductase 0.27 0.19 
 I4W9P0 fumarate hydratase class II  0.12 0.03 
 I4WAP4 succinyl-CoA ligase [ADP-forming] subunit beta  0.07 0.17 
 I4WB45 short-chain dehydrogenase  0.04 - 
 I4WB57 aconitate hydratase  0.22 0.61 
 I4WBN1 ubiquinol-cytochrome c reductase iron-sulfur subunit  0.52 0.34 
 I4WBN2 cytochrome b  - 0.04 
 I4WBN3 ubiquinol-cytochrome c reductase 0.39 0.26 
 I4WBP6 sulfur oxidation protein, flavocytochrome C 0.03 0.06 
 I4WBR2 DsrE/DsrF-like family protein 0.40 0.24 
 I4WD44 aldehyde dehydrogenase - 0.12 
 I4WD61 Oxydoreductase 0.08 - 
 I4WDW2 NADH dehydrogenase/NAD(P)H nitroreductase 0.21 0.12 
 I4WDY5 dihydrolipoamide dehydrogenase 0.38 0.13 
 I4WDY6 dihydrolipoamide acetyltransferase 0.78 0.24 
 I4WE11 pyruvate dehydrogenase E1 component 0.39 0.30 
 I4WE12 bifunctional malic enzyme oxidoreductase/phosphotransacetylase 0.15 - 
 I4WE63 aconitate hydratase - 0.04 
 I4WE70 pyruvate dehydrogenase E1 alpha subunit 0.09 1.25 
 I4WE71 pyruvate/2-oxoglutarate dehydrogenase complex, dehydrogenase 
component beta subunit 
0.46 1.82 
 I4WEG7 FAD/FMN-dependent dehydrogenase 0.19 0.68 
 I4WEU1 sulfide-quinone reductase 0.45 0.41 
 I4WFA2 cytochrome c  0.53 0.22 
 I4WFB8 isocitrate dehydrogenase 0.34 1.24 
 I4WFD5 NADPH:quinone reductase 0.18 - 
 I4WFN1 ATP synthase subunit b  0.62 0.35 
 I4WFN2 AtpH, ATP synthase subunit delta 0.18 - 
 I4WFN3 ATP synthase subunit alpha  0.54 0.66 
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 I4WFN4 ATP synthase gamma chain 0.15 0.13 
 I4WFN5 ATP synthase subunit beta  0.56 0.55 
 I4WG68 electron transfer flavoprotein alpha subunit 0.36 0.69 
 I4WG69 electron transfer flavoprotein subunit beta  0.65 0.44 
 I4WG74 electron transfer flavoprotein-ubiquinone oxidoreductase 0.05 0.03 
 I4WG85 glucose-methanol-choline oxidoreductase 0.09 - 
 I4WGC7 azurin  0.75 0.34 
 I4WH70 NAD(P) transhydrogenase  0.26 0.30 
 I4WH92 FAD-dependent pyridine nucleotide-disulfide oxidoreductase 0.34 0.83 
 I4WHD0 cytochrome c oxidase subunit 2  0.05 0.05 
 I4WHD3 aldehyde dehydrogenase  0.15 0.07 
 I4WI10 short chain dehydrogenase/reductase f 0.09 0.07 
 I4WIV5 citrate synthase  0.29 - 
 I4WIW1 malate dehydrogenase 0.30 0.56 
 I4WJ90 voltage-gated potassium channel beta subunit - 0.11 
 I4WJ91 alcohol dehydrogenase superfamily protein 0.16 0.26 
 I4WJC7 rubrerythrin  0.83 - 
 I4WKC6 2-oxoglutarate dehydrogenase  0.15 0.22 
 I4WKC7 2-oxoglutarate dehydrogenase  0.43 0.34 
 I4WKC8 dihydrolipoyl dehydrogenase 0.54 0.33 
 I4WKE9 NADH-quinone oxidoreductase subunit N - 0.05 
 I4WKF6 NADH dehydrogenase subunit G  0.08 0.04 
 I4WKF7 NADH-quinone oxidoreductase  0.07 - 
 I4WKG0 NADH-quinone oxidoreductase 0.13 - 
 I4WLR8 NADH-quinone oxidoreductase subunit C - 0.15 
 I4WMA7 cytochrome c family protein  0.05 0.08 
 I4WML0 short-chain dehydrogenase 0.19 0.19 
 I4WNH1 citrate synthase  0.48 0.45 
 I4WP39 cytochrome c biogenesis protein 0.05 - 
 I4WPA7 succinate dehydrogenase  0.09 0.05 
 I4WPA8 succinate dehydrogenase 0.14 0.17 
 I4WQ25 FAD linked oxidase domain-containing protein - 0.07 
 I4WRH2 high potential iron-sulfur protein 0.33 - 
 I4WSC0 NADP oxidoreductase 0.14 0.21 
 I4WSY9 phosphoenolpyruvate carboxylase  0.18 0.12 
 I4WU19 short-chain dehydrogenase 0.12 0.37 
 I4WU37 nitrous-oxide reductase - 0.08 
 I4WUC8 NADPH dehydrogenase  0.11 0.24 
 I4WW98 pyruvate dehydrogenase  0.29 - 
 M4NS93 citrate synthase - 0.47 
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 M4NTL5 ATP synthase subunit delta - 0.03 
Lipid metabolism and ketogenesis 
 I4VIC2 acyl carrier protein - 1.44 
 I4VRU7 3-hydroxyacyl-CoA dehydrogenase - 0.28 
 I4VV45 YdiF, acetate-CoA transferase - 0.13 
 I4VY74 3-oxoacyl-ACP reductase  - 0.07 
 I4VZY3 acetoacetyl-CoA reductase - 0.06 
 I4W091 acyl-CoA dehydrogenase domain-containing protein 0.04 - 
 I4WAL3 3-hydroxydecanoyl-[acyl-carrier-protein] dehydratase - 0.08 
 I4WAL4 beta-ketoacyl-[ACP] synthase I  0.12 0.43 
 I4WAZ2 acetoacetyl-CoA thiolase 0.66 0.66 
 I4WB09 3-hydroxybutyryl-CoA dehydratase 0.13 - 
 I4WB55 long-chain fatty acyl-CoA ligase - 0.07 
 I4WBU8 acetyl-coenzyme A synthetase 0.11 0.12 
 I4WBY7 3-hydroxybutyrate dehydrogenase - 0.09 
 I4WBZ6 acetyl-CoA acetyltransferase  0.13 0.07 
 I4WCN8 GpsA, glycerol-3-phosphate dehydrogenase 0.13 0.07 
 I4WDA0 acyl-CoA dehydrogenase 0.04 0.25 
 I4WE25 fatty acid binding protein 0.15 0.09 
 I4WE72 branched-chain alpha-keto acid dehydrogenase subunit E2 0.38 0.22 
 I4WEJ2 FabZ, 3-hydroxyacyl-[acyl-carrier-protein] dehydratase - 0.29 
 I4WEK0 acetyl-coenzyme A carboxylase carboxyl transferase  - 0.04 
 I4WFP4 fatty acyl-CoA synthetase 0.16 0.05 
 I4WGM2 Lipase 0.14 0.09 
 I4WIC3 acetyl-CoA acetyltransferase 0.23 0.62 
 I4WIC4 3-hydroxyacyl-CoA dehydrogenase 0.20 0.94 
 I4WJC3 polyhydroxyalkanoate depolymerase 0.07 - 
 I4WKE0 poly(R)-hydroxyalkanoic acid synthase, class III, PhaC subunit 0.14 0.05 
 I4WKE1 poly(R)-hydroxyalkanoic acid synthase subunit 0.05 - 
 I4WKH0 3-oxoacyl-[acyl-carrier-protein] synthase 0.12 0.21 
 I4WKH1 acyl carrier protein 0.11 - 
 I4WKH2 3-ketoacyl-[acyl-carrier-protein] reductase 0.20 0.04 
 I4WKH3 malonyl-CoA-acyl carrier protein transacylase 0.14 0.31 
 I4WKH4 3-oxoacyl-[acyl-carrier-protein] synthase 0.16 0.13 
 I4WKP8 acyl-CoA dehydrogenase  - 0.04 
 I4WM78 acyl-CoA dehydrogenase domain-containing protein  - 0.12 
 I4WM94 acyl-CoA dehydrogenase - 0.06 
 I4WM95 acyl-CoA dehydrogenase - 0.03 
 I4WM96 acetoacetate decarboxylase 0.20 0.13 
 I4WMY1 Phasin 1.86 5.43 
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 I4WP46 trans-2-enoyl-CoA reductase 0.11 0.25 
 I4WPL0 enoyl-CoA hydratase 0.19 0.20 
 I4WPU1 acyl-CoA dehydrogenase  - 0.05 
 I4WR42 acyl carrier protein 0.10 0.35 
 I4WR77 enoyl-CoA hydratase  0.08 - 
 I4WSC3 Lipase 0.08 0.20 
 I4WSG8 acyl-CoA dehydrogenase  0.37 1.02 
 I4WU86 acyl-CoA thiolesterase - 0.16 
 I4WUC2 Lipase - 0.07 
 I4WUD4 acetoacetyl-CoA reductase  0.17 - 
 I4WZ09 YdiF, acetate CoA-transferase 0.13 - 
 M4NHA9 acyl-CoA dehydrogenase  - 0.36 
Replication, transcription, translation and DNA repair 
 G4FZ48 elongation factor Tu 1.83 1.03 
 I4VIS9 NusG, transcription termination/antitermination protein - 0.10 
 I4VIT0 50S ribosomal protein L11  0.43 0.43 
 I4VIT2 50S ribosomal protein L10 0.42 - 
 I4VIT3 50S ribosomal protein L7/L12  - 0.08 
 I4VK78 methionine--tRNA ligase 0.04 - 
 I4VLN4 RNA polymerase sigma factor RpoD 0.04 0.03 
 I4VM70 30S ribosomal protein S10  0.42 0.25 
 I4VM75 30S ribosomal protein S19 - 0.30 
 I4VM80 30S ribosomal protein S17 0.45 - 
 I4VM82 50S ribosomal protein L24  0.59 0.50 
 I4VM90 50S ribosomal protein L15 - 0.13 
 I4VM95 DNA-directed RNA polymerase subunit alpha  - 0.42 
 I4VN96 30S ribosomal protein S6 - 0.22 
 I4VQ72 30S ribosomal protein S21  0.39 - 
 I4VS93 50S ribosomal protein L7/L12  0.31 - 
 I4VWM0 chromosome partition protein - 0.01 
 I4VXT9 DNA topoisomerase 1 - 0.03 
 I4VZ43 30S ribosomal protein S11  0.64 0.14 
 I4VZ44 30S ribosomal protein S13 - 0.38 
 I4VZ46 50S ribosomal protein L15  0.37 - 
 I4VZ51 30S ribosomal protein S8  1.18 - 
 I4VZ55 50S ribosomal protein L14  0.50 0.77 
 I4VZ56 30S ribosomal protein S17 - 0.30 
 I4VZ58 50S ribosomal protein L16 0.17 - 
 I4VZ59 30S ribosomal protein S3  0.13 0.25 
 I4VZC9 30S ribosomal protein S2 - 0.40 
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 I4W0F8 Crp/Fnr family transcriptional regulator  0.07 - 
 I4W1I1 amidase  0.09 - 
 I4W447 RecA 0.24 0.11 
 I4W664 N5-glutamine S-adenosyl-L-methionine-dependent methyltransferase  0.04 - 
 I4W6N1 nucleoid DNA-binding protein  7.00 2.85 
 I4WA42 serine--tRNA ligase 0.07 0.17 
 I4WAQ1 Fis family transcriptional regulator 0.18 0.05 
 I4WB47 transcriptional regulator  - 0.10 
 I4WBV8 DNA gyrase subunit B  0.03 0.03 
 I4WBW0 DNA polymerase III subunit beta  0.66 0.32 
 I4WBX1 tyrosine--tRNA ligase  0.09 0.04 
 I4WBY3 ArgS, arginine--tRNA ligase 0.02 - 
 I4WC48 chromosome partitioning protein  0.08 - 
 I4WC56  transcriptional regulator  0.12 0.08 
 I4WCN6 50S ribosomal protein L28  0.28 - 
 I4WCP9 Rho, transcription termination factor  0.17 0.11 
 I4WCU7 RdgC, recombination-associated protein 0.04 - 
 I4WD05 RhlB, ATP-dependent RNA helicase 0.02 - 
 I4WDR8 50S ribosomal protein L23 - 0.23 
 I4WEH2 phenylalanine--tRNA ligase beta subunit 0.08 - 
 I4WEH6 translation initiation factor IF-3  0.31 - 
 I4WEI2 30S ribosomal protein S2  0.66 - 
 I4WEI3 elongation factor Ts 0.24 0.15 
 I4WF04 NADPH-dependent 7-cyano-7-deazaguanine reductase - 0.17 
 I4WFK0 Glycine--tRNA ligase beta subunit  0.04 0.02 
 I4WG27 50S ribosomal protein L25  0.15 - 
 I4WGB3 50S ribosomal protein L1  0.48 0.27 
 I4WGB4 50S ribosomal protein L10  0.34 0.26 
 I4WGF0 Mg-dependent DNase  0.07 0.25 
 I4WGM7 DNA topoisomerase 1 0.06 - 
 I4WGT1 aspartate--tRNA ligase 0.16 0.12 
 I4WHZ5 GreA/GreB family elongation factor 0.20 0.20 
 I4WI04 exodeoxyribonuclease I  - 0.03 
 I4WI69 ribonuclease E  0.12 0.04 
 I4WI93 GreA, transcription elongation factor  0.29 0.24 
 I4WI99 30S ribosomal protein S1  0.46 0.12 
 I4WIK9 lysine--tRNA ligase  0.10 - 
 I4WIR1 ribonuclease R  0.01 - 
 I4WIT6 regulatory protein - 0.05 
 I4WIU3 Hfq, RNA-binding protein 0.41 - 
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 I4WJD2 glutamine--tRNA ligase  0.04 - 
 I4WJK2 ValS, valine-tRNA ligase 0.06 - 
 I4WJK8 proline--tRNA ligase 0.06 0.16 
 I4WJK9 DNA-binding protein H-NS  3.21 0.71 
 I4WKB9 transcriptional regulator  0.73 0.27 
 I4WKC4 transcription factor 0.07 0.04 
 I4WKD8 DNA gyrase  0.05 0.03 
 I4WKE2 polyribonucleotide nucleotidyltransferase 0.45 1.07 
 I4WKE6 translation initiation factor IF-2  0.12 0.07 
 I4WKE7 NusA, transcription elongation factor 0.09 0.18 
 I4WKH5 50S ribosomal protein L32  0.43 - 
 I4WKI6 DNA polymerase III  0.02 0.06 
 I4WKJ2 histidine--tRNA ligase - 0.05 
 I4WKR3 50S ribosomal protein L3  - 0.52 
 I4WKR6 50S ribosomal protein L2  - 0.20 
 I4WKR7 30S ribosomal protein S19  0.45 - 
 I4WKT0 30S ribosomal protein S5  0.58 0.31 
 I4WKT6 30S ribosomal protein S4  - 0.54 
 I4WKT7 DNA-directed RNA polymerase subunit alpha  0.92 - 
 I4WKT8 50S ribosomal protein L17  0.68 - 
 I4WKU7 ribonuclease G 0.02 - 
 I4WL10 elongation factor G 0.25 0.22 
 I4WL11 30S ribosomal protein S7  1.41 0.56 
 I4WL13 DNA-directed RNA polymerase subunit beta 0.40 0.18 
 I4WL14 DNA-directed RNA polymerase subunit beta 0.17 0.14 
 I4WL19 NusG, transcription termination/antitermination protein 0.52 - 
 I4WL23 elongation factor Tu  - 0.91 
 I4WL41 Amidase 0.04 0.02 
 I4WL46 30S ribosomal protein S4  0.31 - 
 I4WL48 30S ribosomal protein S13  0.88 - 
 I4WL53 50S ribosomal protein L18  0.79 0.58 
 I4WL54 50S ribosomal protein L6  0.22 - 
 I4WL55 30S ribosomal protein S8  - 0.75 
 I4WL57 50S ribosomal protein L5  0.45 0.95 
 I4WL64 50S ribosomal protein L22 0.33 0.17 
 I4WL66 50S ribosomal protein L2  0.35 - 
 I4WL67 50S ribosomal protein L23  0.64 - 
 I4WL68 50S ribosomal protein L4  0.64 0.66 
 I4WL69 50S ribosomal protein L3  0.28 - 
 I4WM58 isoleucine--tRNA ligase 0.06 0.25 
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 I4WMK9 elongation factor P 0.02 0.05 
 I4WN52 30S ribosomal protein S9  0.43 0.46 
 I4WN53 50S ribosomal protein L13 0.19 0.81 
 I4WN63 Crp, transcriptional regulator  0.11 - 
 I4WNH2 50S ribosomal protein L31 type B  0.15 - 
 I4WNH5 Endoribonuclease 0.88 1.73 
 I4WNL3 50S ribosomal protein L17  - 0.53 
 I4WNP6 ribosome-recycling factor - 0.02 
 I4WP50 MarR family transcriptional regulator - 0.06 
 I4WP94 polyhydroxyalkonate synthesis repressor 0.21 - 
 I4WPI7 RNA-binding protein  0.23 - 
 I4WPL6 LepA, elongation factor  0.03 - 
 I4WPU8 single-stranded DNA-binding protein 0.19 1.42 
 I4WPX4 FusA, elongation factor G  - 0.07 
 I4WQ37 transcriptional regulator  - 0.07 
 I4WQA4 Endoribonuclease - 0.07 
 I4WQB0 asparagine--tRNA ligase  0.13 0.13 
 I4WQB2 30S ribosomal protein S6  0.56 - 
 I4WQB3 30S ribosomal protein S18  0.61 - 
 I4WQB4 50S ribosomal protein L9  1.16 0.56 
 I4WQB9 30S ribosomal protein S16  0.67 - 
 I4WQC2 50S ribosomal protein L19  0.75 0.32 
 I4WQD3 DksA, RNA polymerase-binding transcription factor  0.13 - 
 I4WQM0 leucine--tRNA ligase 0.05 0.05 
 I4WRF0 glutamate--tRNA ligase  0.16 0.05 
 I4WT09 ribosomal RNA small subunit methyltransferase 0.15 - 
 I4WT42 MarR family transcriptional regulator 0.32 0.06 
 I4WTM6 cysteine--tRNA ligase  0.04 - 
 I4WTZ3 Crp/Fnr family transcriptional regulator - 0.04 
 I4WU00 metallo-beta-lactamase family protein, RNA-specific  0.02 0.04 
 I4WU53 regulatory protein - 0.07 
 I4WUG6 alanine--tRNA ligase 0.07 0.04 
 I4WYD0 poly(A) polymerase I  - 0.10 
 M4NEI0 DksA, RNA polymerase-binding protein 0.13 0.02 
Stress and defense mechanisms 
 I4VQY6 hemolysin D - 0.02 
 I4VYT9 anaerobically induced outer membrane transmembrane protein - 0.38 
 I4VZV3 thioredoxin  - 0.42 
 I4W2P1 ariflavin resistance protein D - 0.02 
 I4W6N0 Lon protease  0.02 - 
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 I4W949 cold shock protein 1.63 1.25 
 I4WAB5 AhpD, alkyl hydroperoxide reductaseS 0.04 0.54 
 I4WAV1 10 kDa chaperonin  3.60 16.30 
 I4WAV2 60 kDa chaperonin  3.14 2.01 
 I4WB26 PhoH family protein, phosphate starvation inducible protein 0.11 0.07 
 I4WB63 GTP-binding protein TypA/BipA 0.04 - 
 I4WBN4 stringent starvation protein  0.17 - 
 I4WBS7 ATP-dependent protease ATPase subunit HslU 0.46 0.26 
 I4WC57 salt-induced outer membrane protein 0.38 0.48 
 I4WDA1 OsmC-like protein  - 0.07 
 I4WDM9 thioredoxin reductase 0.13 0.07 
 I4WE54 anaerobically induced outer membrane protein  0.63 1.69 
 I4WEF2 aminoglycoside phosphotransferase - 0.01 
 I4WEG4 PsiF repeat family protein 0.33 - 
 I4WEU5 acriflavin resistance protein 0.03 0.05 
 I4WEZ6 CRISPR-associated protein Csd2 family - 0.06 
 I4WFB4 CRISPR-associated protein  - 0.12 
 I4WG36 thiol-disulfide isomerase-like thioredoxin 0.24 0.18 
 I4WG89 Chaperonin - 0.08 
 I4WGC1 anaerobically induced outer membrane protein 0.04 0.52 
 I4WGS4 Chaperone 0.12 0.06 
 I4WI84 GrpE, chaperone 0.21 0.79 
 I4WI86 DnaK, chaperone 0.54 0.88 
 I4WIA8 beta-lactamase 0.11 - 
 I4WIQ0 HflD, high frequency lysogenization protein  0.11 - 
 I4WIV8 alkyl hydroperoxide reductase 1.55 2.60 
 I4WJB1 carbon starvation protein - 0.02 
 I4WJR0 superoxide dismutase 0.76 5.60 
 I4WKI2 starvation-inducible outer membrane lipoprotein  1.05 1.02 
 I4WMA1 starvation-inducible lipoprotein 0.19 - 
 I4WPF1 activator of Hsp90 ATPase 1 family protein - 0.44 
 I4WQL5 thioredoxin  0.19 0.27 
 I4WRQ8 AhpD, alkyl hydroperoxide reductase  0.23 - 
 I4WSK9 SurA, chaperone 0.41 1.25 
 I4WUA1 thioredoxin  0.22 0.13 
 I4WUC5 cold shock protein 0.38 - 
 I4WUC6 cold shock protein  2.69 - 
 I4WUD7 HtpG, chaperone protein 0.31 0.22 
 I4WUF3 catalase  0.31 0.82 
 I4WYA6 competence/damage-inducible protein CinA-like - 0.12 
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Transport, secretion and efflux 
 I4VLQ8 Bacterioferritin 0.19 - 
 I4VNB1 YajC, preprotein translocase subunit - 0.38 
 I4VRS1 sortase system response regulator 0.08 0.10 
 I4VUA8 ExbB, biopolymer transport protein - 0.31 
 I4VUA9 TonB family protein 0.65 - 
 I4VVG8 translocase subunit SecA 0.05 0.03 
 I4VYG3 FtsY, signal recognition particle receptor - 0.06 
 I4VYN0 TolQ protein 0.14 0.16 
 I4VYN5 YbgF, Tol-pal system protein  - 0.05 
 I4W0B9 FtsY, signal recognition particle receptor 0.07 - 
 I4W1W5 Oar protein - 0.02 
 I4W345 outer membrane receptor protein 0.03 - 
 I4W9D2 twin arginine-targeting protein translocase - 0.36 
 I4WAP8 TonB-dependent receptor 0.03 0.15 
 I4WBA3 bacterioferritin  - 0.36 
 I4WBV4 ExbD1, biopolymer transport protein 0.03 0.30 
 I4WBV5 ExbB, biopolymer transport protein 1.25 - 
 I4WBW4 YidC, insertase  0.04 - 
 I4WBX8 ABC transporter 0.19 - 
 I4WC41 TonB dependent receptor protein - 0.02 
 I4WDN2 LolA, outer-membrane lipoprotein carrier protein 0.31 0.52 
 I4WDU8 Bacterioferritin 0.14 - 
 I4WDV1 TolC family type I secretion outer membrane protein  0.63 0.81 
 I4WDW0 Na
+
/proline symporter 0.06 0.05 
 I4WE23 TonB-dependent outer membrane receptor protein 0.67 1.61 
 I4WEF4 SecF, protein-export membrane protein  - 0.06 
 I4WEF5 SecD, translocase  0.04 0.09 
 I4WEQ9 TonB-dependent receptor  0.33 0.34 
 I4WEU4 RND family efflux transporter 0.29 0.18 
 I4WEX9 TonB-dependent receptor 0.35 0.33 
 I4WFK2 ferrienterochelin and colicin receptor 1.44 1.75 
 I4WFT1 cobalamin receptor protein 0.19 0.29 
 I4WG81 TonB protein  0.30 0.14 
 I4WGD3 TonB family protein  0.06 0.13 
 I4WGD5 OmpB-like 2.90 3.24 
 I4WGD6 Autotransorter - 0.13 
 I4WGS8 ferric enterobactin receptor 0.04 0.14 
 I4WGU0 TolR protein - 0.09 
 I4WGU2 TolB  0.36 0.26 
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 I4WH55 TonB-dependent siderophore receptor 0.11 0.17 
 I4WH99 sodium ABC transporter ATP-binding protein - 0.07 
 I4WHB0 ABC transporter ATP-binding protein - 0.06 
 I4WHD4 long chain fatty acid transport protein 0.12 0.25 
 I4WIQ1 Porin 0.13 0.26 
 I4WIQ3 PstS, phosphate-binding protein 0.74 0.76 
 I4WIQ6 PstB, phosphate import ATP-binding protein  - 0,05 
 I4WIQ7 PhoU, phosphate-specific transport system accessory protein  0.54 - 
 I4WIX0 TonB-dependent receptor 0.07 0.04 
 I4WJ71 TonB-dependent receptor 0.14 0.20 
 I4WJJ4 preprotein translocase 0.21 - 
 I4WJQ5 TonB-dependent outer membrane receptor 0.13 0.24 
 I4WJU6 TonB dependent receptor protein 0.23 0.34 
 I4WL02 outer membrane efflux protein - 0.04 
 I4WM79 hydrophobe/amphiphile efflux-1 (HAE1) family transporter  0.05 0.05 
 I4WM80 multidrug resistance protein 0.23 0.12 
 I4WNG4 type IV pilus secretin  0.34 0.05 
 I4WNI0 ABC transporter auxiliary protein  0.76 0.70 
 I4WNI1 ABC transporter periplasmic protein 0.10 0.05 
 I4WNI3 ABC transporter 0.03 0.12 
 I4WP57 ABC transporter permease - 0.02 
 I4WP96 efflux pump membrane protein 0.05 0.05 
 I4WPE6 RNA signal recognition particle 4.5S RNA - 0.19 
 I4WPJ0 trigger factor - 0.05 
 I4WPL7 signal peptidase - 0.05 
 I4WPX5 TonB-dependent receptor  0.03 0.04 
 I4WQ75 TonB-dependent receptor protein  0.08 0.08 
 I4WR37 hemolysin D  0.32 0.11 
 I4WRP8 sugar transporter  - 0.07 
 I4WRR8 outer membrane protein 0.20 0.26 
 I4WSA6 ferritin  0.50 0.21 
 I4WSX0 ABC-type transporter 0.11 0.08 
 I4WSX8 Fe
2+
-dicitrate sensor 0.08 0.11 
 I4WT49 RND family efflux transporter 0.07 - 
 I4WTY3 TonB-dependent outer membrane receptor 0.12 0.07 
 I4WU14 efflux pump membrane fusion protein 0.09 0.04 
 I4WU70 polyketide cyclase/dehydrase and lipid transport  0.73 1.13 
 I4WUB7 metal ion ABC transporter substrate-binding protein 0.90 0.66 
 I4WUE7 TonB-dependent siderophore receptor 0.08 0.12 
 I4WWB0 outer membrane cobalamin receptor protein 0.33 - 
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 I4WZB9 ABC transporter ATP-binding protein  0.09 - 
Other functions 
 I4VJ32 serine/threonine phosphatase with Cache sensor - 0.01 
 I4VJL1 dTDP-glucose 4.6-dehydratase - 0.05 
 I4VKW0 Cell division protein 0.10 - 
 I4VP03 MoxR-like ATPase  - 0.06 
 I4VPB8 modulator of FtsH protease 0.29 - 
 I4VPN3 cell division protein - 0.04 
 I4VPP0 partition protein  - 0.11 
 I4VQ36 FtsE, cell division ATP-binding protein 0.04 - 
 I4VQR5 MreB, rod shape-determining protein - 0.11 
 I4VTQ2 AMP nucleosidase - 0.09 
 I4VV38 response regulator consisting of a CheY-like receiver domain and a Fis-
type HTH domain protein  
0.18 - 
 I4VV66 PilH, two-component system response regulatory protein  0.18 - 
 I4VV67 response regulator receiver protein 0.42 - 
 I4VXH1 two-component system response regulator protein 0.12 0.06 
 I4VZJ1 response regulator receiver domain-containing protein - 0.27 
 I4W0C6 NTP pyrophosphohydrolase  - 0.07 
 I4W2S6 ribose-phosphate pyrophosphokinase  0.12 - 
 I4W459 sulfate adenylyltransferase subunit 2 - 0.04 
 I4W782 protein kinase - 0.02 
 I4W8Y5 amidohydrolase  - 0.11 
 I4W9N8 glutathione S-transferase  - 0.02 
 I4W9N9 adenylosuccinate lyase  - 0.21 
 I4W9T6 Methyltransferase - 0.16 
 I4WAH3 HemC, porphobilinogen deaminase  0.16 - 
 I4WAT9 PurH, bifunctional purine biosynthesis protein 0.09 0.04 
 I4WAZ7 ObgE, GTPase  0.04 - 
 I4WB46 metal-dependent amidohydrolase 0.10 0.11 
 I4WB49 amidohydrolase  - 0.08 
 I4WBQ6 5'-nucleotidase domain-containing protein 0.03 - 
 I4WBV2 PdxJ, pyridoxine 5'-phosphate synthase 0.15 - 
 I4WBZ2 partition protein 0.17 - 
 I4WCC3 alkaline phosphatase  - 0.03 
 I4WCC6 5'-nucleotidase domain-containing protein 0.08 0.04 
 I4WCF1 thymidylate synthase 0.08 0.23 
 I4WCF2 dihydrofolate reductase 0.28 - 
 I4WCL9 Amidohydrolase - 0.04 
 I4WCM6 thymidine kinase  - 0.09 
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 I4WCP1 haloacid dehalogenase-like hydrolase - 0.20 
 I4WCP5 delta-aminolevulinic acid dehydratase  0.06 0.49 
 I4WCP7 Dihydroorotase 0.12 0.39 
 I4WCP8 glutamate--cysteine ligase 0.04 0.17 
 I4WD04 thioredoxin  0.17 - 
 I4WD67 Methyltransferase 0.09 - 
 I4WD71 metallo carboxipeptidase 0.04 - 
 I4WDN1 FtsK, DNA segregation ATPase  - 0.02 
 I4WDT2 thiamine-phosphate synthase 0.11 - 
 I4WDT3 HemL, glutamate-1-semialdehyde 2.1-aminomutase 0.10 0.12 
 I4WDT9 Adk, adenylate kinase 1.53 1.18 
 I4WDU5 inorganic pyrophosphatase  0.08 0.50 
 I4WDV0 L-isoaspartate carboxylmethyltransferase - 0.13 
 I4WDW1 lipid/polyisoprenoid binding protein 2.76 1.19 
 I4WE19 aspartyl/asparaginyl beta-hydroxylase  0.02 - 
 I4WE39 NAD-dependent epimerase/dehydratase  0.11 0.48 
 I4WE90 response regulator with CheY-like receiver domain  0.69 0.29 
 I4WEG5 uracil phosphoribosyltransferase  0.09 - 
 I4WEI4 uridylate kinase 0.08 0.12 
 I4WF02 glutathione S-transferase  0.21 - 
 I4WF09 MreB, rod shape-determining protein 0.25 - 
 I4WF36 UbiB, kinase  0.02 - 
 I4WF93 oxygen-dependent coproporphyrinogen-III oxidase - 0.22 
 I4WF97 N-acyl-L-amino acid amidohydrolase - 0.04 
 I4WFD4 amidohydrolase  0.02 0.02 
 I4WG63 acetyl transferase - 0.03 
 I4WG75 Amidase - 0.03 
 I4WG76 sulfate adenylyltransferase  0.17 - 
 I4WG77 bifunctional sulfate adenylyltransferase /adenylylsulfate kinase protein 0.24 0.10 
 I4WG87 signal transduction protein  0.20 0.10 
 I4WGC2 formylglycine-generating sulfatase family protein 0.39 0.29 
 I4WGC3 SCO1 /SenC family protein 0.36 - 
 I4WGC5 thiol peroxidase 0.21 0.29 
 I4WGP6 glutamine cyclotransferase 0.14 0.24 
 I4WGV1 laccase-domain protein 0.36 - 
 I4WH93 RmuC domain-containing protein 0.05 0.03 
 I4WH94 GTP cyclohydrolase  0.33 0.04 
 I4WHH6 uroporphyrin-III C-methyltransferase  0.28 - 
 I4WIB5 Pirin 0.10 0.34 
 I4WIC6 nucleoside diphosphate kinase 0.63 1.53 
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 I4WID0 GTP binding protein 0.19 0.13 
 I4WID4 inosine-5'-monophosphate dehydrogenase - 0.10 
 I4WID5 GMP synthase  0.05 - 
 I4WIK5 ZipA, cell division protein 0.08 - 
 I4WIM0 TraB, pheromone shutdown-related protein 0.03 - 
 I4WIN6 histone-like protein 3.65 1.50 
 I4WIT8 adenylosuccinate synthetase 0.24 0.21 
 I4WIV3 2-methylcitrate dehydratase 0.16 0.32 
 I4WJ80 acetylornithine aminotransferase - 0.19 
 I4WJ85 Parathion hydrolase 0.03 - 
 I4WJ96 6,7-dimethyl-8-ribityllumazine synthase  0.22 - 
 I4WJ97 L.D-carboxypeptidase A 0.06 0.21 
 I4WJ98 3,4-dihydroxy-2-butanone 4-phosphate synthase  0.06 0.10 
 I4WJA5 orotidine 5'-phosphate decarboxylase - 0.05 
 I4WJB8 phosphoribosylformylglycinamidine synthase  - 0.02 
 I4WJQ4 Rossmann fold nucleotide-binding protein  - 0.07 
 I4WJR1 N5-carboxyaminoimidazole ribonucleotide synthase 0.11 - 
 I4WJR2 N5-carboxyaminoimidazole ribonucleotide mutase  0.28 - 
 I4WJS9 adenosylmethionine-8-amino-7-oxononanoate aminotransferase  - 0.04 
 I4WJT2 chemotaxis-related protein  0.25 0.03 
 I4WJT6 chemotaxis signal transduction protein pili  - 0.10 
 I4WJT9 glutathione synthetase 0.08 - 
 I4WJU3 aspartate carbamoyltransferase  0.13 0.01 
 I4WJU7 twitching motility protein - 0.02 
 I4WJU8 twitching motility protein 0.28 0.09 
 I4WKD1 response regulator receiver protein 0.54 0.12 
 I4WKD2 DnaJ-class molecular chaperone  0.11 - 
 I4WKH9 MoxR-like ATPase  0.04 - 
 I4WKI3 diadenosine tetraphosphate hydrolase - 0.38 
 I4WMK7 2-amino-3-carboxymuconate-6-semialdehyde decarboxylase - 0.05 
 I4WNA1 phosphoribosylaminoimidazole-succinocarboxamide synthase  0.14 0.03 
 I4WNG3 MoxR-like ATPase  0.11 - 
 I4WNH3 inosine-uridine nucleoside N-ribohydrolase - 0.12 
 I4WNV0 sulfatase-modifying factor protein  0.05 - 
 I4WP91 2-polyprenyl-6-methoxyphenol hydroxylase-like oxidoreductase  0.04 - 
 I4WPE1 3-demethylubiquinone-9 3-methyltransferase - 0.26 
 I4WPF7 glutathione S-transferase  - 0.10 
 I4WPG0 penicillin acylase - 0.02 
 I4WPG1 succinate-CoA transferase 0.04 0.04 
 I4WPG2 3-demethylubiquinone-9 3-methyltransferase - 0.33 
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 I4WPH2 PyrG, CTP synthase 0.10 - 
 I4WPJ1 ATP-dependent Clp protease 0.24 0.87 
 I4WPM8 hypoxanthine-guanine phosphoribosyltransferase 0.12 0.10 
 I4WPM9 S-methyl-5'-thioinosine phosphorylase - 0.11 
 I4WPV1 geranylgeranyl pyrophosphate synthase 0.06 0.15 
 I4WPV4 polyisoprenoid-binding protein  - 0.08 
 I4WPW4 polyisoprenoid-binding protein 0.05 0.05 
 I4WQ95 S-formylglutathione hydrolase - 0.07 
 I4WQC3 PAS/PAC sensor-containing diguanylate cyclase/phosphodiesterase 0.07 0.07 
 I4WQC8 UbiG, ubiquinone biosynthesis O-methyltransferase 0.08 - 
 I4WQL8 PqiB family protein  0.05 0.03 
 I4WRC2 Carboxymethylenebutenolidase 0.25 - 
 I4WRC7 ATPase 0.05 0.04 
 I4WRK0 bifunctional folylpolyglutamate synthase/dihydrofolate synthase 0.03 - 
 I4WRN4 isoprenoid biosynthesis protein  0.18 0.14 
 I4WSD6 nucleotide-binding protein  0.03 - 
 I4WSL8 GTP binding protein 0.04 - 
 I4WSY2 response regulator with CheY-like receiver domain 0.36 0.26 
 I4WSY8 adenosylhomocysteinase  - 0.03 
 I4WSZ6 S-adenosylmethionine synthase  0.14 0.28 
 I4WT06 LppC family lipoprotein 0.13 0.16 
 I4WT08 MraZ, transcriptional regulator 0.24 0.12 
 I4WU93 acetyl transferase 0.23 - 
 I4WUC9 Pirin 0.23 0.11 
 I4WV01 phosphoglycerol transferase family protein, alkaline phosphatase 
superfamily 
- 0.04 
 I4WV06 pteridine reductase - 0.11 
 I4WVE3 disulfide isomerase 0.24 0.53 
 I4WVE4 thiol:disulfide interchange protein 0.17 0.19 
 I4WVX6 (p)ppGpp synthetase - 0.01 
 I4WXN8 inosine-5'-monophosphate dehydrogenase  0.07 - 
 I4WYH0 N5-carboxyaminoimidazole ribonucleotide synthase - 0.04 
 M4NDJ5 heme biosynthesis enzyme - 0.05 
Function unknown 
 I4VQ20  - 0.19 
 I4VSJ4  0.04 - 
 I4VV34  - 0.35 
 I4W9G3  - 0.06 
 I4W9L9  0.21 - 
 I4WAA1  0.81 0.23 
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 I4WB04  0.08 0.05 
 I4WB10  0.21 0.44 
 I4WB40  0.10 - 
 I4WBM4  - 0.02 
 I4WBS3  0.25 0.32 
 I4WBT2  0.06 0.06 
 I4WBV7  0.72 0.44 
 I4WC23  - 0.50 
 I4WC53  - 0.07 
 I4WCF0  0.09 - 
 I4WD84  0.11 0.13 
 I4WDU6  0.28 0.20 
 I4WDZ3  0.11 - 
 I4WDZ5  0.09 0.19 
 I4WE01  0.09 - 
 I4WE02  0.15 - 
 I4WE09  0.15 - 
 I4WE16  0.17 0.12 
 I4WEN9  - 0.14 
 I4WEU3  0.57 2.33 
 I4WEX6  0.01 0.01 
 I4WF92  - 0.09 
 I4WF94  0.45 0.02 
 I4WFK9  0.14 - 
 I4WFL9  0.02 0.01 
 I4WFM7  5.89 9.61 
 I4WG57  - 0.03 
 I4WG83  0.26 - 
 I4WG92  0.13 0.03 
 I4WGK8  0.05 0.45 
 I4WGK9  1.02 0.17 
 I4WH42  - 0.16 
 I4WH59  0.08 0.03 
 I4WHT8  0.06 0.16 
 I4WJA7  - 0.06 
 I4WJS3  0.28 0.36 
 I4WJU4  0.15 0.10 
 I4WM37  0.10 - 
 I4WMC4  - 0.14 
 I4WMK6  0.50 0.67 
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 I4WN45  0.15 - 
 I4WN49  0.21 - 
 I4WNI6  - 0.14 
 I4WNX0  - 0.01 
 I4WPE8  0.15 0.14 
 I4WPL8  0.21 - 
 I4WPM4  0.25 - 
 I4WQL9  0.08 0.13 
 I4WQS0  0.08 - 
 I4WRB7  0.59 0.35 
 I4WRC0  0.38 0.26 
 I4WRF9  0.64 0.14 
 I4WRK1  - 0.06 
 I4WRN7  - 0.02 
 I4WRW1  - 0.04 
 I4WRX1  0.69 1.28 
 I4WSB0  0.14 0.08 
 I4WSB4  - 0.11 
 I4WSM6  0.01 0.01 
 I4WSW9  0.07 - 
 I4WU94  0.19 - 
 I4WUA7  0.28 - 
 I4WUC4  0.44 0.16 
 I4WUE0  0.28 - 
 I4WYZ8  0.39 - 
a Data are the mean of two replicates. 
b Proteins in bold characters have a predicted intracellular localization. 
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La présente étude constitue la première à chercher à partir de la communauté 
bactérienne du sol, des bactéries potentiellement impliquées dans la dégradation de la 
subérine. L’approche choisie a été la protéomique, car elle permet d’obtenir la fonctionnalité 
et le genre bactérien associé aux protéines. Dans le cadre de la biodégradation de la subérine, 
les études précédemment publiées étaient axées sur les champignons. 
 
Des travaux précédents avaient toutefois émis l’hypothèse que des bactéries pouvaient 
être impliquées dans la dégradation de la subérine. En effet, en faisant une analyse de 
séquences comparative entre la séquence codante pour la cutinase/subérinase CcCUT1 
produite par Coprinopsis cinerea et le génome de Streptomyces scabies, Komeil et al. (2013) 
ont identifié une séquence de S. scabies montrant 33% de similarité avec la séquence du gène 
codant pour CcCUT1. Ils ont également démontré que ce gène nommé sub1 était 4000 fois 
surexprimé dans un milieu de culture contenant de la subérine comparativement à un milieu 
sans subérine. La production de la protéine Sub1 dans un milieu de culture contenant de la 
subérine a aussi été récemment établie (Sidibé et Beaulieu, résultats non publiés). Des travaux 
se poursuivent pour démontrer l’implication de S. scabies dans la dégradation de la subérine. 
Le fait que dans la présente étude, une protéine de S. scabies ait été découverte dans le 
sécrétome d’une communauté du sol ayant poussé en présence de subérine supporte encore 





En plus de Streptomyces, notre étude a permis de révéler des bactéries d’autres genres 
qui pourraient être impliqués dans la dégradation de la subérine tels que Rhodanobacter et 
Myxococcus puisqu’elles produisent des lipases extracellulaires en présence du substrat. Il a 
été décidé d’analyser le protéome de Rhodanobacter poussé en présence de subérine. Ce choix 
se justifie par le fait que des études antérieures ont montré que les bactéries de ce genre 
poussent préférentiellement dans des sols de culture de pommes de terre (Inceglu et al. 2013).  
 
La capacité de R. thiooxidans à pousser en présence d’acides gras comme source de 
carbone a été démontrée (Lee et al. 2007). Et pour la première fois au cours de cette étude, la 
capacité R. thiooxidans à pousser en présence de la subérine comme seule source de carbone 
est suggérée. L’étude protéomique du sécrétome de 5 jours de R. thiooxidans cultivé en 
présence de subérine comme seule source de carbone a permis de concevoir un processus 
hypothétique de dégradation de la subérine.  
 
Ces résultats ouvrent ainsi plusieurs pistes de travail. En effet, une culture prolongée de 
R. thiooxidans en présence de la subérine pourrait mettre en évidence la dégradation physique 
de la subérine par observation au microscope électronique. Aussi, il serait intéressant 
d’effectuer une analyse directe par chrotomatographie en phase gazeuse des acides gras au 
cours de cette culture prolongée. Enfin, on pourrait effectuer une étude de l’expression des 
gènes codant pour les protéines potentiellement impliquées dans la biodégradation de la 
subérine. Cette série d’expériences permettrait d’établir hors de tout doute la capacité de R. 
thiooxidans à dégrader la subérine.   
 
Même si deux seuls genres bactériens ont produit des lipases détectables lors de 
l’incubation en présence de subérine, on ne peut exclure que d’autres genres détectés puissent 
être également impliqués. En effet, cette étude a révélé la présence d’autres genres déjà connus 
90 
 
pour leurpouvoir pathogène chez certaines plantes et qui pourraient être des candidats pour la 
dégradation de la subérine comme Rasltonia.  
 
Malgré le fait que cette étude renforce l’hypothèse que des bactéries pourraient être 
impliquées dans la dégradation de la subérine, elle démontre tout de même la nature 
récalcitrante de la subérine à la dégradation. L’apparition des bactéries phototrophes et 
chimiotrophes au cours du temps dans le milieu de culture provient vraisemblablement d'une 
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